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FOREWORD 
Thi s  I n t e r i m  Report summarizes t h e  work accomplished by Stanford  
Research I n s t i t u t e  dur ing  t h e  period August 1964 t o  May 1966 under 
Con t rac t  No, 950324 f o r  t h e  Jet Propuls ion  Labora tory  of t h e  C a l i f o r n i a  
I n s t i t u t e  of Technology. 
M r .  Robert Harr ington  of t h e  J e t  Propuls ion  L a b o r a t o r y ' s  M a t e r i a l s  
and Methods Group w a s  Cognizant Engineer f o r  t h e  p r o j e c t .  
The t e c h n i c a l  e f f o r t  a t  Stanford Research I n s t i t u t e  was d i r e c t e d  
by Dr. R. F.  Muraca, D i r e c t o r ,  Analyses and Ins t rumen ta t ion .  
A s  reques ted  by t h e  Cognizant Engineer ,  t h e  I n s t i t u t e  s t a f f  members 
r e s p o n s i b l e  f o r  t h e  v a r i o u s  phases of t h e  p r o j e c t  a r e  i d e n t i f i e d  i n  t h e  
a p p r o p r i a t e  Sec t ions  of t h e  r e p o r t .  
ii 
ABSTRACT 
S tan fo rd  Research I n s t i t u t e ,  Menlo Park ,  C a l i f o r n i a  
SPACE ENVIRONMENT EFFECTS ON POLYMERIC MATERIALS 
I n t e r i m  Technica l  Report No. 2 ,  August 1964 t o  May 1965 
R .  F.  Muraca e t  a l . ,  May 30, 1965, 66 pp. 
(NASA Con t rac t  NAS7-100; JPL Contrac t  950324; SRI P r o j e c t  ASD-4257) 
3 70 -3-9 
The p r i n c i p l e s  and techniques  involved  i n  t h e  de t e rmina t ion  of 
weight l o s s  and v o l a t i l e  condensable m a t e r i a l  a r e  d i scussed  i n  t h e  l i g h t  
of a p p l i c a t i o n  t o  polymeric m a t e r i a l s  being cons idered  for use  i n  space- 
c r a f t s .  R e s u l t s  a r e  g iven  f o r  the de t e rmina t ions  of v o l a t i l e  condensable 
m a t e r i a l  i n  s imula ted  s p a c e c r a f t  environment and t h e  i d e n t i f i c a t i o n s  of 
v o l a t i l e  m a t e r i a l s .  
Data a r e  presented  concerning measurements made i n  s i t u  of t h e  be- -- 
h a v i o r  of mechanical p r o p e r t i e s  of polymeric subs tances  i n  s imula ted  
s p a c e c r a f t  environment,  
The commercial e l a s tomers  which have been s t u d i e d  i n c l u d e  Vi tons ,  
Norde ls ,  and Hypalons; of t h e s e  t h r e e ,  t h e  Vi tons  appear  t o  be most 
s u i t a b l e  for s p a c e c r a f t  a p p l i c a t i o n .  
Discuss ion  i s  presented  of a study of the degrada t ion  a t  e l e v a t e d  
tempera ture  i n  vacuo of a l abora to ry - syn thes i zed  polyure thane .  -- 
iii 
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I .  INTRODUCTION AND SUMMARY 
Thi s  I n t e r i m  Report No. 2 summarizes t h e  work done under JPL Con t rac t  
No. 950324, SRI P r o j e c t  No. ASD-4257, du r ing  t h e  pe r iod  August 18, 1964 
t o  May 30, 1965. I n t e r i m  Report N o .  1, June 8, 1963, desc r ibed  i n  de- 
t a i l  t h e  des ign  of equipment cons t ruc t ed  for t h e  v a r i o u s  s t u d i e s ,  out-  
l i n e d  t h e  techniques  of ope ra t ion ,  and d i scussed  some p re l imina ry  r e s u l t s ,  
F i n a l  Report f o r  t h e  pe r iod  October 1, 1962 t o  November 30, 1963 (pub- 
l i s h e d  December 8 ,  1963) summarized t h e  work performed on v o l a t i l e  con- 
densable  m a t e r i a l  and mechanical p r o p e r t i e s  of commercial polymers 
(Vi tons ,  s i l i c o n e  rubbers ,  Tef lons ,  and Mylars) and t h e  e x p l o r a t o r y  
s t u d i e s  of t h e  deg rada t ion  of synthes ized  polyure thanes  and nylon .  
The broad o b j e c t i v e  of t h i s  program of work i s  t o  provide  a d e f i n i -  
t i v e  study of t h e  e f f e c t  of simulated s p a c e c r a f t  environment on c e r t a i n  
c l a s s e s  of polymeric m a t e r i a l s  which a r e  cons idered  t o  be s u i t a b l e  f o r  
u se  i n  s p a c e c r a f t s .  The work undertaken t h u s  f a r  was designed: (1) t o  
a s c e r t a i n  t h e  e x t e n t  t o  which w a r m  polymers release subs t ances  i n  a 
vacuum which condense a t  tempera tures  i n  t h e  v i c i n i t y  of 25'C; (2 )  t o  
de te rmine  i f  polymers undergo gross s k e l e t a l  deg rada t ion  i n  a vacuum a t  
t empera tu res  i n  t h e  v i c i n i t y  of 125OC; (3) t o  de te rmine  changes i n  p e r -  
t i n e n t  phys i ca l  p r o p e r t i e s  of s e l e c t e d  polymers i n  a vacuum-thermal 
environment. The commercial polymers s e l e c t e d  f o r  s tudy  du r ing  t h i s  
pe r iod  a r e :  Vi tons ,  Norde ls ,  and Hypalons (see Appendix for f o r m u l a t i o n s ) .  
The work performed dur ing  t h i s  phase of t h e  long-range program p e r -  
m i t s  t h e  fo l lowing  conc lus ions  a t  t h i s  t i m e :  
(1) The v o l a t i l e  condensable m a t e r i a l  r e l e a s e d  by samples of 
Mordel and Hypalon i n  a vacuum-thermal environment h a s  been 
shown t o  accumulate i n  accordance wi th  t h e o r e t i c a l  ca l cu -  
l a t i o n s  f o r  a polymeric subs tance  con ta in ing  a normal 
d i s t r i b u t i o n  of v o l a t i l e  m a t e r i a l  ( s e e  Sec t ion  1 1 1 ) .  
( 2 )  Both l o s s  i n  weight and accumulation of v o l a t i l e  con- 
densable  m a t e r i a l  i n d i c a t e  t h e  u n s u i t a b i l i t y  of t h e  
Nordel and Hypalon samples f o r  s p a c e c r a f t  c o n s t r u c t i o n ,  
p a r t i c u l a r l y  i n  comparison wi th  r e s u l t s  p rev ious ly  re- 
por t ed  f o r  o t h e r  e las tomers  such a s  Vi ton  and s i l i c o n  
rubbers  ( s e e  Sec t ion  111) .  
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(3) Mechanical p r o p e r t i e s  measurements made i n  a vacuum- 
thermal  environment on samples of Viton,  Hypalon, 
and Nordel i n d i c a t e  t h e  comparat ive s u p e r i o r i t y  of 
Viton f o r  s p a c e c r a f t  cons t ruc t ion ,  e s p e c i a l l y  under  
c o n d i t i o n s  of stress (see Sec t ion  I V ) .  
(4 )  Study of a syn thes i zed  polyure thane  h a s  i n d i c a t e d  
t h a t  no s k e l e t a l  degrada t ion  of t h i s  polymeric  
system t a k e s  p l a c e  a t  temperatures  below about 
225'C i n  vacuo. -- 
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11. MATERIALS RELEASED BY POLYMERS 
I N  A VACUUM-THERMAL ENVIRONMENT 
R .  F.  Muraca and J .  S .  Whi t t i ck  
The l o s s  of ma t t e r  by outgass ing  and by evapora t ion  or subl imat ion  
i s  one of t h e  most obvious e f f e c t s  of a vacuum-thermal environment on 
polymers. Because g r o s s  l o s s  of ma te r i a l  g e n e r a l l y  means t h a t  t h e  
p h y s i c a l  p r o p e r t i e s  of polymers a r e  a l t e r e d  o r  t h a t  tes t  chambers w i l l  
be contaminated by t h e  vapor ized  subs tances ,  t h e  polymers which a r e  con- 
s i d e r e d  s u i t a b l e  f o r  u se  i n  s p a c e c r a f t s  a r e  t h o s e  which i n  l a b o r a t o r y  
tes ts  e x h i b i t  a minimum l o s s  of weight when exposed t o  t h e  s imula ted  
c o n d i t i o n s  of t h e  vacuum and thermal environment of space .  However, i t  
has  been found t h a t  many polymers which show l o s s e s  r e l e a s e  sub- 
s t a n c e s  which condense on c o o l e r  su r f aces  and i n t e r f e r e  wi th  s p a c e c r a f t  
f u n c t i o n s .  
The o b j e c t  of t h i s  p a r t  of t he  program of s tudy  w a s  t o  develop 
s u i t a b l e  procedures t o  de te rmine  t h e  amounts and t o  i d e n t i f y  t h e  sub- 
s t a n c e s  r e l e a s e d  by polymeric m a t e r i a l s  i n  a vacuum-thermal environment. 
The s i m p l e s t  q u a n t i t a t i v e  value which can be ob ta ined  f o r  t h e  be- 
h a v i o r  of a polymer i n  a vacuum-thermal environment i s  t h e  loss  of 
weight .  Th i s  v a l u e  obvious ly  does n o t  r evea l  t h e  n a t u r e  of t h e  com- 
ponents  r e l e a s e d  by t h e  polymer but, n e v e r t h e l e s s ,  i s  u s e f u l  f o r  select- 
i n g  polymers s u i t a b l e  f o r  spacec ra f t  s i n c e ,  i n  t h e  ma jo r i ty  of i n s t a n c e s ,  
i t  may be s a f e l y  assumed t h a t  mechanical or o t h e r  u s e f u l  p r o p e r t i e s  of 
polymers are degraded when a s u b s t a n t i a l  amount of loss of weight has  
been i n c u r r e d .  I t  i s  customary t o  assume t h a t  polymeric subs t ances  
which l o s e  less than  1% of t h e i r  weight i n  a vacuum-thermal environment 
a r e  s u i t a b l e  for s p a c e c r a f t  a p p l i c a t i o n .  
Matter r e l e a s e d  by polymeric subs tances  i n  a vacuum-thermal environ- 
ment may be t h e  o r d i n a r y  g a s e s  (e .g . ,  adsorbed a i r  o r  d i s s o l v e d  methane), 
o r d i n a r y  l i q u i d s  of r e l a t i v e l y  high vapor p r e s s u r e  ( e . g . ,  water or 
s o l v e n t s ) ,  l i q u i d s  or s o l i d s  of r e l a t i v e l y  h igh  molecular  weight and 
low vapor pressure  (e .g . ,  l u b r i c a t i n g  o i l s ,  p l a s t i c i z e r s ,  e t c  .), o r  
3 
fragments of h igh  molecular weight which a r e  s t r u c t u r a l l y  r e l a t e d  t o  t h e  
b a s i c  polymeric s t r u c t u r e s  and o f t en  o r i g i n a t e  from s k e l e t a l  deg rada t ion  
( i n  c o n t r a s t  w i th  t h e  o t h e r  v o l a t i l e  m a t e r i a l s  no ted  above) .  
I n  t h e  e a r l y  s t a g e s  of work on t h e  Na t iona l  space  program, a g r e a t  
many polymeric subs t ances  and systems were examined by d i rec t  weight- 
d i f f e r e n c e  procedures  i n  o r d e r  t o  select s u i t a b l e  polymers. Recent ly ,  
t h e  a c c e p t a b l e  polymers have been examined by more r e f i n e d  techniques  
t o  de te rmine  t h e  r a t e  of t h e  weight loss and t o  c h a r a c t e r i z e  t h e  n a t u r e  
of t h e  v o l a t i l e  subs t ances .  I n  gene ra l ,  t h e s e  s t u d i e s  have i n d i c a t e d  
t h a t  polymeric m a t e r i a l s  r e l e a s e  t h e  common gases  a t  a rap id  r a t e  (es- 
p e c i a l l y  a t  some e l e v a t e d  temperature l i k e  100°C) and t h a t  t h e  outgass ing  
i s  r e l a t i v e l y  complete i n  a mat te r  of a few hour s .  On t h e  o t h e r  hand, 
t h e s e  s t u d i e s  have i n d i c a t e d  t h a t  h igh  molecular weight materials a r e  
given o f f  a t  a much slower r a t e  and t h a t  accep tab ly  low incrementa l  
weight - loss  va lues  a r e  observed when high-molecular-weight m a t e r i a l s  of 
ve ry  low vapor p r e s s u r e  are  s t i l l  being r e l e a s e d  a t  very low r a t e s .  
These very l o w  r a t e s  of evo lu t ion  of m a t t e r  from polymers a r e  bes t  de- 
tected by u s e  of a p p r o p r i a t e l y  designed mass spec t rometer  i n l e t  systems 
and i t  i s  sugges ted  t h a t ,  s i n c e  t h e  s e l e c t i o n  of polymers f o r  cons t ruc-  
t i o n  of s p a c e c r a f t s  i s  c u r r e n t l y  being made wi th  methods which a r e  not 
capable  of d e t e c t i n g  very low r a t e s  of weight loss ,  more r e f i n e d  tech-  
n iques  f o r  de te rmining  t o t a l  loss of weight should be employed. 
I t  i s  t o  be emphasized t h a t  a l l  measured va lues  p e r t a i n i n g  t o  t h e  
l o s s  of ma t t e r  from polymeric subs tances  i n  a vacuum-thermal environment 
a r e  f u n c t i o n s  of t i m e .  Thus, f o r  example, t h e  "loss of weight" of a 
polymeric subs t ance  i n  a vacuum-thermal environment i s  g e n e r a l l y  con- 
s i d e r e d  t o  be t h e  t o t a l  loss of weight s u f f e r e d  by a sample of t h e  
m a t e r i a l  when maintained i n  t h e  environment f o r  a per iod  of t i m e  long 
enough t h a t  t h e  incrementa l  l o s s  of weight s u f f e r e d  dur ing  an incrementa l  
exposure i s  accep tab ly  low. A l s o ,  t h e  t o t a l  l o s s  of weight ob ta ined  by 
s imple  weight -d i f fe rence  procedures g i v e s  no informat ion  as t o  t h e  r a t e  
a t  which t h e  weight i s  l o s t  and t h e  n a t u r e  of t h e  subs t ances  evolved .  
4 
Determina t ion  of t h e  abso lu te  r a t e s  of ou tgass ing  or release of 
m a t e r i a l s  from polymers i s  a d i f f i c u l t  t a s k .  A s  a f i r s t  approximation, 
one may cons ide r  t h a t  t h e  ra te  of ou tgass ing  or r e l e a s e  of m a t e r i a l  from 
t h e  s u r f a c e  of a polymer i s  s i m i l a r  i n  n a t u r e  t o  t h e  r a t e  of evapora t ion  
of material from t h e  s u r f a c e  of a l i q u i d  or a s o l i d .  Accordingly,  one 
might be tempted t o  use a Knudsen e f f u s i o n  ce l l  t o  de te rmine  t h e  r a t e  of 
ou tgass ing  or loss of weight;  an appa ra tus  us ing  a m i n i a t u r e  Knudsen-type 
e f f u s i o n  ce l l  a t t a c h e d  t o  t h e  a r m  of a record ing  microbalance h a s  been 
d e s c r i b e d  by Riehl. '  
mine t h e  ra te  of evapora t ion  of p u r e  compounds. The Knudsen e f f u s i o n  
c e l l  technique  f o r  de te rmining  t h e  rates of evapora t ion  of m a t e r i a l s  i s  
based upon t h e  e s t ab l i shmen t  of equ i l ib r ium c o n d i t i o n s  wi th in  t h e  ce l l .  
The t h e o r e t i c a l  b a s i s  f o r  t h e  Knudsen technique  r e q u i r e s  t h a t  t h e  c e l l  
a p e r t u r e  r e p r e s e n t  a small f r a c t i o n  (less than  1%) of t h e  s u r f a c e  from 
which evapora t ion  t a k e s  p l a c e  u n i n h i b i t e d l y ,  t h a t  t h e  m a t e r i a l  w i th in  
t h e  c e l l  h a s  s u f f i c i e n t  s u r f a c e  a rea  f o r  f r e e  evapora t ion  so t h a t  j u s t  
as many molecules leave t h e  su r face  of t h e  m a t e r i a l  a s  a re  d e f l e c t e d  
back on to  t h e  s u r f a c e  from t h e  w a l l s  of t h e  cel l ,  and t h a t  t h e  number of 
molecules pas s ing  through t h e  a p e r t u r e  i s  n e g l i g i b l e  i n  comparison wi th  
t h e  number of molecules i n  t h e  gaseous s t a t e  w i th in  t h e  ce l l .  Addi- 
t i o n a l l y ,  t h e  d iameter  of t h e  a p e r t u r e  must be s m a l l  i n  comparison t o  
t h e  mean f r e e  pa th  of t h e  molecules w i t h i n  t h e  ce l l  and t h e  r a t e  of flow 
depends on t h e  p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  ape r tu re ,  t h e  dimensions 
of the a p e r t u r e ,  and t h e  d e n s i t y  of t h e  gas  (molecular e f f u s i o n ) .  
The appara tus  has  been used s u c c e s s f u l l y  t o  d e t e r -  
C l e a r l y ,  when d e a l i n g  wi th  pure compounds, t h e  l o s s  of m a t e r i a l  
from t h e  Knudsen cel l  h a s  thermodynamic s i g n i f i c a n c e ,  and t h e  evapora- 
t i o n  rate ob ta ined  expe r imen ta l ly  bears a r e l a t i o n s h i p  t o  a l l  t h e  impl i -  
cat ions d e r i v a b l e  from t h e  p r i n c i p l e s  of s t a t i s t i c a l  e q u i l i b r i u m  thermo- 
dynamics of t h e  i d e a l  s ta te ;  t h u s ,  t h e  evapora t ion  r a t e  of a pu re  compound 
can be  r e l a t e d  t o  i t s  vapor pressure  by t h e  f a m i l i a r  Langmuir equat ion  
( v i d e  i n f r a )  . 
Riehl,  W .  A . ,  Chem. Eng. Prog. Symposium, 59, N o .  40, 103 (1963). 
I
5 
I n  c o n t r a s t ,  when t h e  Knudsen e f f u s i o n  technique  i s  employed with 
complex m a t e r i a l s ,  t h e  r a t e s  of evapora t ion  of t h e  va r ious  molecular  
s p e c i e s  a r e  i n f l u e n c e d  by many f a c t o r s  and nonequi l ibr ium,  non idea l  
c o n d i t i o n s  p r e v a i l  w i th in  t h e  cell; s i n c e  most systems encountered i n  
practice a r e  non idea l ,  t h e  evapora t ion  r a t e s  ob ta ined  expe r imen ta l ly  a r e  
only f o r t u i t o u s l y  ( i f  a t  a l l )  r e l a t e d  t o  t h e  vapor p r e s s u r e s  of t h e  
evapora t ing  molecular s p e c i e s .  I n  p a r t i c u l a r ,  when d e a l i n g  wi th  poly- 
meric subs t ances ,  t h e  rates of d i f f u s i o n  of t h e  evapora t ing  s p e c i e s  
wi th in  t h e  body of t h e  polymer s t r u c t u r e  may s e v e r e l y  i n f l u e n c e  t h e  
exper imenta l  r e s u l t s .  For example, i f  a l a r g e ,  s i n g l e  p i e c e  of dense 
polymer con ta in ing  a r e l a t i v e l y  v o l a t i l e  m a t e r i a l  i s  enc losed  i n  a 
Knudsen cel l ,  t h e  r a t e  of a r r i v a l  of molecules of t h e  v o l a t i l e  m a t e r i a l  
t o  t h e  s u r f a c e  of t h e  polymer w i l l  be much slower than  i f  t h e  same mass 
of polymer were p r e s e n t  i n  a comminuted form o r  i f  t h e  s u r f a c e  of t h e  
l a r g e  mass were f i n e l y  co r rusca ted .  S ince  t h e  evapora t ion  r a t e s  would 
be d i f f e r e n t  f o r  each of t h e  above cases, i t  i s  obvious t h a t  a numerical  
v a l u e  f o r  t h e  r a t e  of evaporat,on (or weight l o s s )  of a polymeric sub- 
s t a n c e  must be de f ined  i n  terms of t h e  m i c r o - s t r u c t u r a l  s u r f a c e  a r e a  
measurement of t h e  polymer specimen and i t s  t h i c k n e s s  of s e c t i o n  and 
o v e r - a l l  dimensions.  I n  o t h e r  words, t h e  specimen s ize  f o r  a g iven  
t h i c k n e s s  of sample would have t o  be of such a l e n g t h  and width t h a t  
evapora t ion  from t h e  s i d e s  would be n e g l i g i b l e  (or accoun tab le ) ;  t h e  
numer ica l  v a l u e  f o r  weight loss (evapora t ion  r a t e )  p e r  u n i t  s u r f a c e  a rea  
would have t o  be i n d i c a t e d  i n  terms which a l s o  d e f i n e  t h e  r u g o s i t y  of 
t h e  s u r f a c e .  
When polymer samples which a r e  h e a v i l y  laden  wi th  p l a s t i c i z e r s  of 
low vapor p r e s s u r e  a r e  examined by t h e  Knudsen e f f u s i o n  t echn ique ,  t h e  
r a t e  of d i f f u s i o n  of t h e  p l a s t i c i z e r  i n  t h e  s o l i d  polyriier ma t r ix  w i l l  
g e n e r a l l y  be s u f f i c i e n t l y  g r e a t  t o  p e r m i t  e s t ab l i shmen t  of t h e  equ i l ib r ium 
vapor pressure  of t h e  p l a s t i c i z e r .  Under t h e s e  c o n d i t i o n s ,  t h e  apparent  
evapora t ion  ra te  of t h e  polymer system a s  i n d i c a t e d  by t h e  r e s u l t s  ob- 
t a i n e d  wi th  t h e  Knudsen ce l l  i s  e s s e n t i a l l y  t h e  evapora t ion  r a t e  of t h e  
pure  p l a s t i c i z e r  i t s e l f .  I n  f a c t ,  one can show t h i s  s i m p l y  by comparing 
t h e  r e s u l t s  ob ta ined  i n  a Knudsen with a sample of s i n t e r e d ,  porous 
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Tef lon  con ta in ing  wi th in  i t s  pore  s t r u c t u r e  an o i l y  subs tance ,  such a s  
SAE-30 motor o i l ,  w i t h  t h e  r e s u l t s  ob ta ined  on the o i l  by i t s e l f .  
I f  t h e  evapora t ion  of a p l a s t i c i z e r  from the  s u r f a c e  of a polymer 
l e a v e s  a ha rd ,  n e a r l y  impermeable skin ( a s  i s  l i k e l y  t o  happen i n  f r e e  
space ) ,  t h e  evapora t ion  of t h e  p l a s t i c i z e r  w i l l  be i n h i b i t e d ;  i n  a 
Knudsen ce l l ,  t h e  s k i n  w i l l  very l i k e l y  no t  form s i n c e  t h e  vapors of t h e  
p l a s t i c i z e r  i n  t h e  ce l l  w i l l  t end  t o  prevent  t h e  format ion  of a sk in ;  
compl ica t ions  a l s o  a r i se  when t h e  accommodation c o e f f i c i e n t  of t h e  p l a s -  
t i c i z e r  molecules on t h e  ha rd  s k i n  i s  s e n s i b l y  d i f f e r e n t  from t h e  one 
on p l a s t i c i z e d  s u r f a c e .  
I t  i s  ev iden t  t h a t  t h e  Knudsen ce l l  g i v e s  only approximate va lues  
f o r  rates of evapora t ion  ( loss  of weight) f o r  polymeric m a t e r i a l s  and 
i n  most i n s t a n c e s  g i v e s  a ra te  which i s  governed e n t i r e l y  by a p l a s t i -  
cizer;  but  the  v a l u e s  ob ta ined  i n  t h i s  way a r e  g r o s s l y  misleading t o  t h e  
s p a c e c r a f t  eng inee r ,  f o r  t h e  Knudsen ce l l  v a l u e s  a r e  f o r  quas i - equ i l ib r ium 
c o n d i t i o n s  i n  which t h e  rates of evapora t ion  and condensation of the 
v a r i o u s  molecular s p e c i e s  are e s s e n t i a l l y  equa l ,  and these c o n d i t i o n s  
do n o t  p r e v a i l  i n  o u t e r  space .  The r a t e s  of evapora t ion  of v o l a t i l e  
s p e c i e s  from t h e  polymeric s u r f a c e s  of a s p a c e c r a f t  exposed t o  t h e  i n -  
f i n i t e  vacuum of space  a r e  g r o s s l y  d i f f e r e n t  than  t h o s e  i n d i c a t e d  by a 
Knudsen cel l  technique;  i n  space,  molecular s p e c i e s  can l e a v e  the polymer 
s u r f a c e s  but t h e y  seldom r e t u r n ,  Thus, even the s imples t  loss-of-weight 
exper imenta l  set-up, one i n  which a b a r e  polymer sample i s  weighed by 
a s u i t a b l e  ba lance ,  w i l l  g i v e  r a t e s  of evapora t ion  most n e a r l y  resembling 
t h o s e  encountered i n  t h e  s p a c e c r a f t  environment. 
The q u a n t i t a t i v e  de t e rmina t ion  of t h e  amount of condensable m a t e r i a l  
which i s  r e l e a s e d  by a warm polymeric subs t ance  i n  a vacuum i s  a l s o  in -  
f l uenced  by t h e  same f a c t o r s  as  the  de te rmina t ion  of the r a t e  of evapora- 
t i o n  (or weight l o s s ) .  Both de t e rmina t ions  r e q u i r e  t h a t  v o l a t i l e  m a t e r i a l  
be r e l e a s e d  u n i n h i b i t e d l y  from polymer samples under  completely nonequi- 
l i b r i u m  c o n d i t i o n s ;  t h u s ,  a Knudsen ce l l  t echn ique  i s  i n a p p l i c a b l e .  The 
de te rmina t ion  of v o l a t i l e  condensable m a t e r i a l  r e q u i r e s  t h a t  t h e  matter 
2 g iven  off a t  an e l e v a t e d  temperature,  T2, by a polymer a t  a ra te  W 
(g / in  /set) i s  condensed on a c o o l e r  s u r f a c e  maintained a t  t empera ture ,  
2 
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T1, 
VCM v a l u e  a f t e r  a g iven  t i m e  i s  def ined  a s  t h e  weight of r e s i d u e  on t h e  
c o l l e c t o r  p l a t e  g iven  o f f  from t h e  s u r f a c e  a r e a  of t h e  sample. I t  i s  
ev iden t  t h a t  t h e  VCM va lue  i s  a c t u a l l y  t h e  weight of condensable ma t t e r  
g iven  o f f  by t h e  sample minus t h e  lo s s  a t  a r a t e  W of t h i s  matter 
spread  out  over  t h e  c o l l e c t o r  su r face .  
from which t h e  condensate evapora tes  a t  a r a t e  W (g / in  / s e c ) ;  t h e  1 
1 
V o l a t i l e  Condensable M a t e r i a l  
V o l a t i l e  condensable m a t e r i a l  (VCM) h a s  been de f ined  throughout 
t h i s  program of work a s  t h e  weight of condensate o b t a i n a b l e  a t  25OC i n  
a given i n t e r v a l  of t ime from a u n i t  a r e a  of m a t e r i a l  of a given th i ck -  
n e s s  maintained a t  1 2 5 O C  i n  a vacuum of a t  l e a s t  5 X 10 t o r r .  The 
tempera ture  of 125OC was s e l e c t e d  as t h e  upper l i m i t  of t empera ture  en- 
countered  i n  s p a c e c r a f t  o p e r a t i o n s  and t o  provide  comparison with r e s u l t s  
of mechanical and phys ica l  p r o p e r t i e s  measurements and outgass ing  s t u d i e s  
which were performed a t  t h i s  tempera ture .  Space probes and s a t e l l i t e s  
a r e  g e n e r a l l y  des igned  t o  main ta in  i n t e r n a l  tempera tures  of t h e  o r d e r  of 
25OC, bu t  tempera tures  a s  h igh  a s  125OC may occur  i n  t h e  v i c i n i t y  of 
power-d iss ipa t ing  components. Thus, a s u i t a b l e  polymer f o r  s p a c e c r a f t  
a p p l i c a t i o n  must r e t a i n  i t s  p r o p e r t i e s  a t  a tempera ture  of 1 2 5 O C  i n  a 
vacuum and must r e l e a s e  n e g l i g i b l e  amounts of material which condense on 
s u r f a c e s  a t  2 5 ' ~ .  
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A s  has  been expla ined  before ,  t h e  de t e rmina t ion  of VCM depends upon 
evapora t ion  ra te  d i f f e r e n c e s .  The Langmuir equat ion  p e r m i t s  e s t ima t ion  
of t h e  r a t e  of evapora t ion  of a pure  compound: 
w = -  
17.14 
where 
2 w = r a t e  of evapora t ion  i n  g d c m  /sec 
M = molecular weight 
T = a b s o l u t e  tempera ture  
P = vapor pressure  i n  mm. 
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The vapor p r e s s u r e  of pure compounds 
l o g  Pm = 
and t h i s  i s  e a s i l y  transformed t o  
- - 
mm 
P 
Now, i f  it i s  d e s i r e d  t o  compare t h e  
may be expressed  by t h e  equat ion:  
B A - -  
T 
B A - -  T 10 
r a t e  of evapora t ion  of a pu re  com- 
pound a t  two tempera tures ,  i t  i s  obvious t h a t  t h e  Langmuir equat ion  can 
be combined wi th  t h e  exponent ia l  form of t h e  vapor p r e s s u r e  express ion  
t o  y i e l d :  
w1 10 A-B/T~ A - -  
A-B/T2 ,/ 7 - 
w2 10 
where t h e  s u b s c r i p t  2 r e f e r s  t o  t h e  h ighe r  tempera ture .  
Thus, i n  t h e  i n s t a n c e s  of t h e  VCM de te rmina t ion ,  where t h e  h i g h e r  
t empera tu re  i s  125OC (398'K), t h e  r a t e s  of evapora t ion  a t  t h e  two t e m -  
p e r a t u r e s  a r e  r e l a t e d  by t h e  equation: 
Some of t h e  i n i t i a l  work done on VCM de te rmina t ions  was with s i l i -  
cone polymers. I t  w i l l  be i n s t r u c t i v e  t o  c o n s i d e r  t h e  vapor p r e s s u r e s  
expec ted  from s i l i c o n e  polymers; t h e  work of Wilcox2 was consu l t ed .  
g iven  i n  t h i s  r e f e r e n c e  i n c l u d e  t h e  vapor p r e s s u r e  equa t ions  f o r  compounds 
of t h e  g e n e r a l  form: 
Data 
* Wilcox, D .  F., J .  Am. Chem. SOC., 68, 691 (1946).  - 
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The c o e f f i c i e n t s  A and B of t h e  vapor p r e s s u r e  equa t ions  g iven  i n  t h e  
r e f e r e n c e  a r e  p l o t t e d  i n  F igu re  11-1 and e x t r a p o l a t e d  t o  lower molecular 
weight va lues  pu re ly  f o r  sake  of example. Using t h e  d a t a  of F igu re  11-1, 
t h e  r a t i o s  of evapora t ion  r a t e s  f o r  v a r i o u s  molecular weight compounds 
were computed; these are summarized below: 
RATIO OF EVAPORATION RATES AT 398'K AND 298'K 
373'K 
298" K Rat io  R a t i o  298 No. of S i  Atoms M .  W .  W 
18 1346 1.5 X 578,000 32,400 
12 904 3.6 X 28,000 3 , 600 
6 458 1.62 430 129 . 
' The r a t i o s  obviously i n d i c a t e  t h a t  i n  comparison t o  298'K the  
s i l i c o n e  m a t e r i a l s  evapora t e  much f a s t e r  a t  398'K than  a t  373'K (578,000 
t o  32,400); more impor t an t ly ,  however, t h e  h i g h e r  molecular weight mate- 
r i a l  i s  evaporated a t  an enormous r a t e  a t  h igher  tempera tures  than  a t  
lower tempera tures ,  bu t  the  rate of evapora t ion  of t h e  lower molecular 
weight m a t e r i a l  i s  ( r e l a t i v e l y )  no t  i n f l u e n c e d  very much by an i n c r e a s e  
i n  tempera ture ,  and the lower molecular weight m a t e r i a l  evapora t e s  
m i l l i o n s  of t i m e s  f a s t e r  t han  h igh  molecular weight m a t e r i a l  a t  tempera- 
t u r e s  between 298 and 398'K. 
-
Now, f o r  a polymeric material c o n s i s t i n g  of a d i s t r i b u t i o n  of v a r i o u s  
molecular  weights,  i t  i s  d i f f i c u l t  t o  make q u a n t i t a t i v e  p r e d i c t i o n s  of 
evapora t ion  rates a t  v a r i o u s  temperatures;  t he  r a t e s  a r e  n e a r l y  impos- 
s i b l e  t o  compute when v a r i o u s  e f f e c t s  such a s  d i f f u s i o n  of s p e c i e s  
th rough a molecular matrix, nonidea l  vapor p r e s s u r e s ,  and impermeable 
s u r f a c e  l a y e r s  are invo lved .  Never the less ,  q u a l i t a t i v e  g e n e r a l i z a t i o n s  
may be drawn about t h e  r e s u l t s  of a VCM de te rmina t ion  provided imper-  
meable membranes a r e  not  formed and the  r e s i n  sample i s  t h i n  enough (or 
porous) so t h a t  d i f f u s i o n  e f f e c t s  a r e  n e g l i g i b l e .  Re fe r r ing  t o  F igu re  11-2, 
t h e  upper  ( s o l i d - l i n e )  curve  i n  t he  upper graph i n d i c a t e s  t h e  cumula t ive  
l o s s  of weight i n  a vacuum expected from a r e s i n  ( say  a t  398'K) which 
has v o l a t i l e  m a t t e r  c o n s i s t i n g  of a more or less uniform d i s t r i b u t i o n  
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FIG. 11-1 COEFFICIENTS IN THE VAPOR PRESSURE EQUATION 
FORMULA: (CH,),SiOX [(CH,),SiO] ,(CH,),SiO,, 
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of molecular weight species. The s o l i d - l i n e  curve  i n  t h e  lower graph 
r e p r e s e n t s  t h e  cumula t ive  loss  from a r e s i n  which h a s  a preponderance 
of low molecular weight s p e c i e s  i n  t h e  v o l a t i l e  m a t t e r .  The d o t t e d - l i n e  
cu rve  i n  each graph r e p r e s e n t s ,  q u a l i t a t i v e l y ,  t h e  cumulative weight on 
a c o l d  (298'K) c o l l e c t o r  which r ece ives  ( s t r a i g h t - l i n e )  t h e  m a t e r i a l  
r e l e a s e d  by t h e  w a r m  r e s i n  i n  a VCM appa ra tus ;  an a t tempt  i s  made, 
i n  t h e s e  graphs ,  t o  show t h a t  t h e  material c o l l e c t e d  on t h e  c o l d  co l -  
l e c t o r  evapora t e s  slowly and t h a t  t h e  weight of m a t e r i a l  on t h e  co ld  
c o l l e c t o r  i s  never  s t a b l e .  
The i n t e r e s t i n g  p o i n t  brought ou t  by t h e  graphs  i n  F igu re  11-2 
i s  t h a t  t h e  weight of m a t e r i a l  on t h e  c o l l e c t o r  p l a t e  a f t e r  a very long 
t i m e  con t inues  t o  rise slowly i f  t h e  r e s i n  g i v e s  o f f  h igh  molecular 
weight subs tances ,  and t h a t  t h e  weight on t h e  p la te  w i l l  e v e n t u a l l y  be 
z e r o  i f  t h e  r e s i n  ceases  t o  g i v e  off m a t e r i a l  e a r l y  i n  t h e  t e s t .  The 
u s u a l  Knudsen ce l l  de t e rmina t ion  cannot r e v e a l  t h i s . "  Add i t iona l ly ,  
t h e  graphs  do not  g i v e  any i d e a  of t h e  t i m e s  involved ,  but i t  i s  i m -  
p o r t a n t  t o  r e a l i z e  t h a t  t h e  relative evapora t ion  ra te  d a t a  t a b u l a t e d  
above i n d i c a t e s  t h a t  c o n s i d e r a b l e  t i m e  a t  298'K w i l l  be r equ i r ed  t o  
remove t h i n  f i l m s  of h igh  molecular weight m a t e r i a l ;  f o r  example, f o r  
an 18-atom s i l i c o n e ,  t h e  weight of m a t e r i a l  evapora ted  i n  one hour a t  
t h e  h i g h e r  teniperature (398'K) w i l l  r e q u i r e  578,000 hours  f o r  evapora- 
t i o n  a t  298'K: 
weight m a t e r i a l s  are small, an excep t iona l ly  long t i m e  i s  r equ i r ed  t o  
remove v o l a t i l e  material of t h i s  t y p e  from r e s i n s ,  and, a s  i n d i c a t e d  i n  
t h e  graphs  of F i g u r e  11-2, a very long t i m e  must be u t i l i z e d  i n  t h e  
de t e rmina t ion  of VCM t o  o b t a i n  weights of m a t e r i a l  on t h e  c o l d  c o l l e c t o r  
p l a t e s  which have " l eve led  o f f . "  
performed a p p r o p r i a t e l y ,  it w i l l  be p o s s i b l e  t o  d e t e c t  a low s t eady  
-
Moreover, s i n c e  t h e  evapora t ion  rates of h igh  molecular 
Thus, i f  a VCM de te rmina t ion  i s  
ik The u s u a l  de t e rmina t ions  invo lve  shor t - t ime p e r i o d s  of less than  
100 h o u r s ,  I f  a Knudsen c e l l  c o n t a i n s  enough polymer sample t o  main- 
t a i n  e q u i l i b r i u m  vapor p r e s s u r e ,  t h e  t i m e  r equ i r ed  t o  evapora t e  each 
component i s  p r o h i b i t i v e .  On t h e  o t h e r  hand, i f  t h e  e f f u s i o n  a p e r t u r e  
i s  made so  l a r g e  t h a t  e s s e n t i a l l y  no  p r e s s u r e  e x i s t s  i n  t h e  ce l l ,  
t h e n  t h e  appa ra tus  and t echn ique  i s  n o t  Knudsen's. 
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r a t e  of v a p o r i z a t i o n  of mat te r ;  t h i s  i s  very important i n  s e l e c t i n g  
polymers f o r  u s e  i n  c r i t i c a l  components i n  a space  c r a f t .  F igu re  11-3 
shows the  a c t u a l  r e s u l t s  ob ta ined  from an e thylene-propylene  te rpolymer  
with a d i e n e  (Nordel A-5411A-113) p l a s t i c i z e d  h e a v i l y  w i t h  an o rd ina ry  
hydrocarbon l u b r i c a t i n g  o i l  which, obvious ly ,  has a "normal d i s t r i b u t i o n "  
of v o l a t i l e s  ( t h e  a c t u a l  s t r u c t u r e  d i s t r i b u t i o n  was v e r i f i e d  by mass 
spec t roscopy) .  I t  i s  t o  be noted t h a t  t h e  shape of t h e  curve  i n  
F i g u r e  11-3 resembles t h e  curve  shown i n  F igu re  11-2; however, i t  i s  t o  
be emphasized t h a t  t h e  curve  obta ined  f o r  t h e  Nordel (F igu re  11-31 shows 
c l e a r l y  t h a t  t he  amount of v o l a t i l e  condensable m a t e r i a l  i s  much g r e a t e r  
a t  340 hours  than  a t  48 hours ,  showing t h a t  t h e  con ten t  of t h e  h ighe r  
molecular  weight m a t e r i a l  s l o w l y  vapor i zes  from the  polymer (as p r e d i c t e d  
from t h e  t h e o r e t i c a l  cons ide ra t ions  i n d i c a t e d  above) . 
A c o n s i d e r a t i o n  of t h e  r e s u l t s  shown i n  F igu re  11-3 i n d i c a t e s  t h a t  
t h e  de t e rmina t ion  'of VCM cannot be performed qu ick ly  (24-48 h r )  and tha t  
f o r  most polymeric m a t e r i a l s  which c o n t a i n  a smal l  amount of v o l a t i l e  
subs t ances ,  t h e  VCM de te rmina t ion  may have t o  be prolonged t o  thousands 
of hour s .  The bump i n  t h e  cu rves  shown i n  F i g u r e s  11-2 and 11-3 occur- 
r i n g  f o r  t i m e  i n t e r v a l s  less than  about 100 hours  bears no r e l a t i o n  t o  
t h e  VCM va lue  obta ined  a f t e r  thousands of hours;  as  shown i n  F igu re  11-2, 
t h e  e a r l y  bump i s  mere ly  i n d i c a t i v e  of t h e  e a s i l y  v o l a t i l e  subs t ances  
which, i n c i d e n t a l l y ,  a l s o  v o l a t i l i z e  e a s i l y  a f t e r  condensation on a c o o l e r  
s u r f a c e ,  The r e l e a s e  of e a s i l y  v o l a t i l e  m a t e r i a l  and i t s  subsequent 
condensa t ion  on c o o l e r  s u r f a c e s  may be annoying when s p a c e c r a f t s  a r e  
tested i n  environmental  chambers, b u t  t h e  d e p o s i t i o n  of r e l a t i v e l y  non- 
v o l a t i l e  matter on t h e  s u r f a c e s  of s p a c e c r a f t s  a f t e r  c o n s i d e r a b l e  t i m e  
i n  space  i s  p rope r ly  of more concern t o  t h e  eng inee r .  
The VCM va lue  i s  not  an abso lu te  numerical  f i g u r e ,  but r a t h e r  a 
r e l a t i v e  f i g u r e  which i s  der ived  from an e s t i m a t i o n  of the  t o t a l  polymer 
s u r f a c e  a r e a  and t h e  t o t a l  condensing s u r f a c e  a r e a .  I t  i s  a l s o  based on 
t h e  assumption of a c o l l i s i o n l e s s  s t r a i g h t - l i n e  pa th  from t h e  w a r m  
r a d i a t i n g  polymer s u r f a c e  t o  t h e  coo le r  condensing s u r f a c e .  S l i g h t  d i f -  
f e r e n c e s  i n  c o n s t r u c t i o n  of v a r i o u s  VCM appa ra tuses  and sample handl ing  
obv ious ly  i n f l u e n c e  r epor t ed  numerical v a l u e s .  However, d i f f e r e n c e s  i n  
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v a l u e s  f o r  v a r i o u s  m a t e r i a l s  should be  p r o p o r t i o n a l  €or each l a b o r a t o r y  
and wi th  t h e  r e s u l t s  ob ta ined  by o t h e r  l a b o r a t o r i e s .  The VCM va lue  can 
provide  a r e a l i s t i c  s c reen ing  procedure f o r  polymeric m a t e r i a l s ,  provided 
t h e  t i m e  and tempera ture  s e l e c t e d  f o r  t h e  de t e rmina t ion  l i e  o u t s i d e  of 
t h e  c o n d i t i o n s  f o r  m a x i m u m  outgass ing  r a t e ;  o therwise ,  poor r e p r o d u c i b i l i t y  
and mis leading  va lues  may be expected. 
V o l a t i l e  Condensable Material - Apparatus and Method 
Rigid c o n t r o l  of tempera tures  and vacuum c o n d i t i o n s  a r e  necessa ry  
i n  VCM procedures ;  simple h e a t i n g  appa ra tus  and vacuum s y s t e m s  w i l l  g i v e  
v a l u e s  for VCM t h a t  are n o t  i n d i c a t i v e  of t h e  behavior  of r e s i n s  i n  a 
space  environment. Complete des ign  drawings and photographs of t h e  VCM 
a p p a r a t u s  used a t  SRI a r e  presented  i n  I n t e r i m  Report N o .  1, F igures  111-1 
t o  111-9. The o v e r - a l l  schematic of t h e  VCM u n i t  c l u s t e r  and an i l l u s -  
t r a t i v e  photograph a re  inc luded  i n  t h i s  r e p o r t  a s  F igu res  11-4 and 11-5, 
r e s p e c t i v e l y .  Minor changes made i n  t h e  a p p a r a t u s  can be determined by 
comparison of F i g u r e  11-4 i n  t h i s  r epor t  w i th  F igu re  111-1 of In t e r im  
Report N o .  1. 
F igure  11-6 i s  a d e t a i l e d  view of t h e  h e a t e r  and s l e e v e  assembly 
f o r  t h e  VCM u n i t .  The complete vacuum equipment f o r  VCM de te rmina t ions  
i s  i n d i c a t e d  i n  F igu re  11-7; a s  can be seen i n  t h i s  F igu re ,  t h e  vacuum 
chamber i s  an aluminum box with  an  18-inch d iameter  L u c i t e  window and 
e n t r y  p o r t .  The vacuum system is a compact u n i t  comprising a Welch 
Duo-Seal forepump ( N o .  13978),  a 6-inch o i l  d i f f u s i o n  pump (CVC Model 
MCF-700), and a manually-operated va lve  (CVC Type VT-SB-61). A 6-inch 
l i n e  connec ts  t h e  chamber t o  a low-loss t r a p  d i r e c t l y  connected t o  t h e  
o u t l e t  of t h e  v a l v e .  
t h e  vacuum chamber and "holding" t h e  d i f f u s i o n  pump dur ing  p re l imina ry  
evacuat ion  procedures .  A P i r a n i  gage and an i o n i z a t i o n  gage (VG-1A) 
a r e  used f o r  measuring t h e  p r e s s u r e  i n  t h e  chamber, The vacuum chamber 
can e a s i l y  be evacuated t o  a t  l e a s t  1 X 10 torr and t o  5 X 10 t o r r  
w i th  o p e r a t i n g  t r a p s ,  
S u i t a b l e  by-passes and b a l l  va lves  permit "roughing" 
-6 -7 
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FIG. 11-4 SCHEMATIC DIAGRAM OF A SINGLE VCM UNIT AND ARRANGEMENT 
OF A CLUSTER OF SIX  UNITS 
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FIG. 11-5 lNTERNAL VlEW OF VCM APPARATUS SHOWING ARRANGEMENT 
OF HEATER-COLLECTOR ASSEMBLIES AND SHIELDS 
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FIG. 11-6 HEATER AND SHIELD ASSEMBLY 
FOR VCM 
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FIG. 11-7 COMPLETE APPARATUS 
FOR VCM DETERMINATION 
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A s i n g l e  de t e rmina t ion  of VCM, t h a t  i s ,  a s i n g l e  run of any d u r a t i o n ,  
has  been shown t o  be of l i t t l e  value except  a s  a screening  p rocess  f o r  
m a t e r i a l s  which have been previous ly  s t u d i e d .  S ince  one of t h e  o b j e c t i v e s  
of t h i s  program i s  t o  s tudy  t h e  c h a r a c t e r i s t i c s  of VCM, vacuum-thermal 
exposures a r e  scheduled t o  provide  va lues  of s t a t i s t i c a l  s i g n i f i c a n c e .  
Previous  work has  shown t h a t  exposure t i m e s  of 24, 48, 96, and 340 hours  
w i l l  e s t a b l i s h  t h e  t r e n d  of t h e  VCM cu rve .  (Longer runs,  of cour se ,  w i l l  
p rovide  more f i n a l  e s t i m a t i o n  of t h e  d i s p o s i t i o n  of VCM, but t h e  number 
of m a t e r i a l s  which must be s t u d i e d  prec ludes  extremely long exposures . )  
I t  i s  t o  be emphasized t h a t  f r e s h  samples a r e  used f o r  each exposure 
pe r iod ;  t h u s ,  t h e  v a l u e s  r ep resen t  t r u e  i n t e r p r e t a t i o n s  of VCM behavior  
wi th  t i m e .  
Samples a r e  c u t  t o  a uniform s i z e  which w i l l  p e r m i t  them t o  be 
wrapped completely around t h e  h e a t e r s  (F igu re  11-5) bu t  wi thout  ove r l ap ;  
they  a r e  weighed on a microbalance t o  10.005 mgm and then f a s t e n e d  i n  
place wi th  l i g h t  wires.  The c l e a n ,  po l i shed  copper p lugs  (F igu re  11-51 
a r e  a l s o  weighed on t h e  microbalance (about 19 g ) .  When t h e  VCM appa ra tus  
i s  completely assembled and set i n  p l a c e  i n  t h e  vacuum chamber, t h e  sys -  
t e m  i s  exhausted a t  room temperature t o  a p r e s s u r e  of about 5 X 10 t o r r  
(co ld  t r a p s ) .  Then t h e  i n d i v i d u a l  h e a t e r s  a r e  tu rned  on and cryopumping 
i s  i n i t i a t e d .  A f t e r  t h e  p re sc r ibed  pe r iod ,  t h e  run i s  te rmina ted  and 
t h e  s y s t e m  i s  vented wi th  helium. The polymeric samples and t h e  copper 
p lugs  are then  re-weighed on t h e  microbalance.  
-6 
Two sets of d u p l i c a t e  samples occupy f o u r  of t h e  s i x  VCM u n i t s  
shown i n  F igu re  11-5; t h e  o t h e r  two VCM u n i t s ,  wi th  weighed copper p lugs ,  
are run a s  c o n t r o l s .  The c o n t r o l  plugs a r e  a l w a y s  found t o  be e n t i r e l y  
devoid of m a t e r i a l  and t o  have incu r red  no weight l o s s  or g a i n  (0,000 
* 0.005 mgrn). 
contaminat ion)  may be t aken  a s  an i n d i c a t i o n  of t h e  extreme e f f i c i e n c y  
of t h e  b a f f l e  s y s t e m s  i n  t h e  VCM u n i t s  and t h e  adequacy of t h e  c ryogenic  
pumping system. G e n e r a l l y ,  vacuum systems a r e  so poor ly  des igned  t h a t  
c ross -contaminat ion  cannot be avoided; t h i s  i s  e s p e c i a l l y  t r u e  for t h e  
simple-ducted vacuum equipment o r d i n a r i l y  employed f o r  t h e  de t e rmina t ion  
of t h e  loss of weight of m u l t i p l e  samples. 
The absence of ma t t e r  on t h e  c o n t r o l  p lugs  ( c ros s -  
20 
A v i v i d  i l l u s t r a t i o n  of t h e  lack of c ross -contaminat ion  i n  t h e  SRI 
appa ra tus  i s  given by t h e  photograph i n  F igu re  11-8; here ,  t h e  c l e a n  
s u r f a c e s  of t h e  c o n t r o l  p lugs  a r e  con t r a s t ed  wi th  t h e  d i s c o l o r e d  s u r f a c e s  
r e s u l t i n g  from m a t e r i a l  r e l e a s e d  from samples of Hypalon and t h e  g r o s s l y  
o i l - coa ted  s u r f a c e s  r e s u l t i n g  from t h e  o i l  r e l e a s e d  from samples of 
Nordel . 
Nordel A-5411A 
24-hr VCM Value 
a t  143'C, &in2  X 10  
a t  93Oc, g / in2  x 10 
24-hr VCM Value 
An example of t h e  performance of t h e  SRI appa ra tus  i n  providing 
r e a l i s t i c  va lues  f o r  VCM i s  g iven  by t h e  r e s u l t s  of a series of deter- 
mina t ions  on Nordel polymers a t  93OC and comparison of t h e  va lues  with 
t h o s e  obta ined  i n  t h e  same t i m e  per iod  a t  143OC. A t  t h e  sugges t ion  of 
t h e  JPL Cognizant Engineer,  Nordel A-2411A-113, -115, and -117 were used 
f o r  t h e s e  de t e rmina t ions  because of t h e  v a r i o u s  q u a n t i t i e s  of process ing  
o i l  (see Appendix) and p rev ious  ana lyses  which i n d i c a t e d  t h a t  t h e  VCM 
c o n s i s t e d  p r i m a r i l y  of t h e  o i l ;  time and tempera ture  were a l s o  s p e c i f i e d  
by the JPL Cognizant Engineer.  
-113 -115 
590 300 
74 45 
The samples were post-cured under t h e  same c o n d i t i o n s  a s  those  used 
f o r  t h e  143OC runs ( v i d e  i n f r a )  and were exposed i n  vacuo a t  a tempera ture  
of 93OC f o r  a pe r iod  of 22 hour s .  
of t h e s e  de t e rmina t ions  and c l e a r l y  i n d i c a t e s  t h a t  t h e  VCM va lue  i s  a 
f u n c t i o n  of t h e  q u a n t i t y  of o i l  p resent  i n  each polymer. Were t h e  VCM 
v a l u e  a f u n c t i o n  of t h e  vapor p re s su re  of t h e  o i l  (such a s  obta ined  from 
Knudsen c e l l s ) ,  t h e  v a l u e  f o r  each polymer a t  t h e  same temperature would 
be t h e  same r e g a r d l e s s  of q u a n t i t y  of o i l  i n  i t .  The VCM va lues  r e s u l t i n g  
a t  i n c r e a s e d  tempera ture  are  l a r g e r ,  but t h e  va lues  n e v e r t h e l e s s  a r e  
commensurate wi th  t h e  q u a n t i t y  of oil p r e s e n t .  The t a b l e  below a l s o  
shows, a s  expected, t h a t  t h e  r a t i o  of 143OC VCM va lues  t o  93OC va lues  
i s  e s s e n t i a l l y  c o n s t a n t  s i n c e  t h e  r a t i o  (wi th in  exper imenta l  e r r o r )  
i s  a f u n c t i o n  of t h e  rates of evapora t ion  a t  t h e s e  tempera tures .  
-- -- 
The t a b l e  below summarizes t h e  r e s u l t s  
6 .7 VCM-143' 
VCM-9 3' 7.9 Ra t io  of 
-117 
120 
17  
7 .o 
21 
, 
Figure  11-8. V i e w  of Plugs a f t e r  96-hr VCM Run 
Top : Blank p lugs .  
Middle: Plugs showing d i s c o l o r a t i o n  from 
Hypalon A-2411A-2717; i n  a c t u a l  
appearance, t h e  c o l o r  i s  a green- 
yellow. 
Bottom: P lugs  showing condensa te  of o i l  
from Nordel A-5411A-115. 
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I d e n t i f i c a t i o n  of V o l a t i l e  Spec ie s  - Apparatus and Method 
The mass spec t rometer  employed i n  t h i s  work i s  a CEC Model 21-103.2 
which has  been modified t o  i n c l u d e  an a d d i t i o n a l  sampling system between 
t h e  normal i n l e t  s y s t e m  and t h e  ana lyzer  tube; t h i s  s y s t e m  pe rmi t s  f a c i l e  
i n t e rchange  of v a r i o u s  sampling devices ,  o p e r a t i o n  wi th  or without t h e  
go ld  (molecular )  l e a k ,  a l i ne -o f - s igh t  pa th  d i r e c t l y  i n t o  t h e  ana lyz ing  
r eg ion ,  and a smal l  working volume (about 80 cc compared wi th  t h e  usua l  
3-l i ter  expansion system) . Ion pumping p e r m i t s  a t t a inmen t  of p r e s s u r e s  
i n  t h e  mass spec t rometer  s y s t e m  of less than  10 t o r r .  -8 
Because t h e  polymers s e l e c t e d  f o r  t h i s  program of work g e n e r a l l y  
e x h i b i t  low vapor pressures  and r a t e s  of evapora t ion ,  t h e  molecular l e a k  
between t h e  sampling s y s t e m  and t h e  i o n i z i n g  r eg ion  has  been removed so 
a s  t o  i n c r e a s e  t h e  o v e r - a l l  s e n s i t i v i t y  of t h e  ion-gun. I n  a d d i t i o n ,  a 
mass spec t rometer  sample probe has  been  c o n s t r u c t e d  du r ing  t h i s  program 
t o  p e r m i t  obse rva t ion  of t h e  outgass ing  c h a r a c t e r i s t i c s  of polymers on 
a micro s c a l e .  The probe i s  e a s i l y  in t roduced  i n t o  t h e  modified i n l e t  
system of t h e  spec t rometer  and p e r m i t s  l o c a t i o n  of microgram q u a n t i t i e s  
of samples a t  a p o s i t i o n  immediately ad jacen t  t o  t h e  i o n i z i n g  reg ion  ( s e e  
F i g u r e  11-9). Temperature of t h e  sample i s  c o n t r o l l e d  by a h e a t e r  i n  
t h e  probe (see F igure  11-10]. 
The probe s y s t e m  provides  f o r  a c o l l i s i o n l e s s  pa th  i n t o  t h e  i o n i z i n g  
r eg ion  of t h e  spec t romete r  for t h e  v o l a t i l e  subs tances  emanating from a 
h e a t e d  m a t e r i a l ;  t h u s ,  subs tances  of low vapor p r e s s u r e  or low evapora- 
t i o n  r a t e s  a r e  d e t e c t a b l e .  I t  i s  a n t i c i p a t e d  t h a t  t h e  mass s p e c t r a  
ob ta ined  i n  t h i s  f a s h i o n  w i l l  i n d i c a t e  whether s u b t l e  deg rada t ion  i s  
occur r ing ,  or whether "tramp" m a t e r i a l s  evolve  s t e a d i l y  f o r  long pe r iods  
of t i m e .  The u s e  of a probe of t h i s  t y p e  f o r  s tudy  of polymeric sys t ems  
i s  an innovat ion  developed under NASA-JPL sponsorsh ip  and has  been re- 
po r t ed  t o  t h e  Technology U t i l i z a t i o n  O f f i c e r .  
Samples of about 1 mgm weight a r e  used wi th  t h e  probe ,  When 
sample and probe a r e  i n  p l a c e  i n  the  c o l d  and vented  s y s t e m ,  t h e  
s y s t e m  i s  evacuated t o  about 1 X 10 t o r r ;  t h e n ,  t h e  i o n i z i n g  c i r c u i t  
i s  a c t i v a t e d  and a mass spectrum i s  recorded p e r i o d i c a l l y  u n t i l  t h e  
c h a r a c t e r i s t i c  ins t rument  background spectrum i s  a t t a i n e d - - g e n e r a l l y  
-5 
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FIG. 11-9 MASS SPECTROMETER SAMPLE PROBE FOR POLYMERS SHOWN IN PLACE 
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a p e r i o d  of 24 hours .  
r a i s e d  from about 25OC t o  t h e  d e s i r e d  tempera ture  w i t h i n  a few minutes 
and t h e  mass spectrum i s  recorded immediately. 
w i t h i n  a p e r i o d  of 16-24 hour s ,  and every 24 hours t h e r e a f t e r  u n t i l  t h e  
spectrum remains e s s e n t i a l l y  unchanged. 
A t  t h i s  t i m e ,  t h e  tempera ture  of t h e  sample i s  
The r eco rd ing  i s  r epea ted  
Nordel A-5411A-113, -115, -117 
Three fo rmula t ions  of Nordel A-5411A e la s tomers  ( s e e  Appendix) were 
s t u d i e d  f o r  ou tgass ing  c h a r a c t e r i s t i c s  i n  vacuum and a t  a tempera ture  of 
about 1 5 O o C  i n  o r d e r  t o  p rov ide  an independent check of t h e  VCM d e t e r -  
mined f o r  t h e s e  m a t e r i a l s  i n  15O0- te s t s  a t  t h e  Jet P ropu l s ion  Labora tory .  
S ince  t h e  VCM appa ra tus  used by SRI was designed f o r  ope ra t ion  a t  125OC, 
t h e  de t e rmina t ions  were made a t  143OC, t h e  maximum ach ievab le  tempera ture .  
I n  accordance wi th  i n s t r u c t i o n s ,  t h e  samples were post-cured a t  177OC 
f o r  18 hours  i n  a i r  p r i o r  t o  exposure t o  t h e  vacuum-thermal environment. 
Weight l o s s  and VCM d a t a  a r e  given i n  Tables  11-1, 11-2, and 11-3 
f o r  Nordel A-5411A-113, -115, and -117. I n  g e n e r a l ,  t h e  t o t a l  weight 
of VCM i s  equ iva len t  t o  or less than t h e  weight l o s s  of t h e  sample de- 
pending on t h e  v o l a t i l i t y  of t h e  m a t e r i a l  r e l e a s e d  from t h e  sample. 
Weight loss and VCM va lues  f o r  Nordel A-5411A-117 are  i n  good agreement, 
and va lues  f o r  each show good d u p l i c a t i o n  ( s e e  Table 11-31. On t h e  
o t h e r  hand, t h e  excess ive  VCM (an o i l )  r e l e a s e d  Nordel A-5411A-113 
c r e a t e s  d i f f i c u l t i e s  i n  ob ta in ing  e q u a l l y  good VCM va lues ;  n o t e  par- 
t i c u l a r l y  t h e  v a l u e s  f o r  t h e  96-hr run i n  Table 11-1. The o i l  c o l l e c t e d  
on one p lug  was pooled and almost heavy enough t o  d r a i n ;  t h e  o i l  pool 
had a p p a r e n t l y  d ra ined  from t h e  o t h e r  p lug .  A d d i t i o n a l l y ,  t h e  weight- 
l o s s  va lues  do no t  show as  good agreement; t h i s ,  of cour se ,  may be due 
t o  l a c k  of un i fo rmi ty  of evapora t ion  of t h e  o i l  i n  t h e  m a t e r i a l .  The 
r e s u l t s  and agreements f o r  Nordel A-5411A-115 (5% o i l )  f a l l  in-between 
as expected ( s e e  Table  11-2) .  
The resil ience of t h e  Nordel A-5411A-113 and -115 samples appeared 
t o  be l i t t l e  changed a f t e r  exposure t o  t h e  vacuum-thermal environment, 
even a f t e r  340-hr exposures .  I n  c o n t r a s t ,  t h e  Nordel A-5411A-117 samples  
e x h i b i t e d  a d e f i n i t e  s t i f f n e s s  a f t e r  t h e  48-hr and 96-hr exposures ,  and 
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Table 11-1 
VCM AND WEIGHT-LOSS DETERMINATIONS 
FOR NORDEL A-5411A-113 a t  143a C* 
(VCM Co l l ec to r  Surface  a t  25OC) 
2q- Average rime a t  Temp. , Hr . 
4.90 
4.90t 
- 
3.97 
3.91 
4 .70  
6.78 
5.91 
~ 6.81 
3.94 
5.74 
6.36 
24 
48 
T o t a l  VCM, g 
A-  
B- 
0.137 
Average 
0.137 
- 
0.126 
0.188 
0.204 
0.035 
0.231 
0.291 
0.157 
0.120 
0.260 
96 
34 0 
VCM Value a t  
143' /25O C ,  g/in.  
Average 
2 
A- 
B- 
O. 059 
0.059 - 
0.055 
0.081 
0.088 
0.015 
0.100 
0.126 
0.068 
0.052 
0.113 
Sample 
Weight, g 
A- 
B- 
T i m e  a t  
Temp. , 
Hr . 
48 
96 
336 
3.482072 
3.311217 
3.550925 
3.615450 
VCM Value a t  
1 4 3 0 / 2 5 ~ c ,  g/in.2 Weight Loss, $ T o t a l  VCM, g 
A- Average Average A- 
B- B- 
3.674952 1.93 0.106 O. 046 
3.777100 2.00 0.085 0.039 
3.292838 2.47 0.105 0.046 
3.432627 2.58 0.103 0.045 
3.743790 3.04 0.124 0.054 
3.798033 3.12 0.152 0.060 
Weight, g 
A- A- 
B- B- Average 
1.97 0.091 0.043 
2.53 0.104 0.045 
3.05 0.138 0.057 
3.555625 
3.576605 
3.478314 
3.399314 
Weight Loss, $ 
Samples post-cured a t  177OC i n  a i r .  
Average sample a r e a ,  2.31 i n . 2 .  
t S i n g l e  de te rmina t ion  (malfunction of d u p l i c a t e  u n i t ) .  
Table 11-2 
VCM AND WEIGHT-LOSS DETERMINATIONS 
FOR NORDEL A-5411A-115 a t  1 4 9  Cie 
(VCM Co l l ec to r  Surface  a t  25OC) 
Table 11-3 
3.968401 
4.281712 
4.172177 
T i m e  a t  
Temp., 
Hr. 
24 
48 
96 
3409 
1.12 0.043 
1.11 0.038 
1.14 0.052 
1.18 0.050 
1.21  0.049 
VCM AND WEIGHT-LOSS DETERMINATIONS 
FOR NORDEL A-5411A-117 a t  143OC* 
(VCM Col l ec to r  Surface  a t  25'C) 
I 
A- Average 
B- 
0.026 
0.028 
0.029 
3c Samples post-cured a t  177OC i n  a i r .  
Average Sample a r e a ,  2.31 i n .  2 . 
t Samples q u i t e  s t i f f  a f t e r  this exposure.  
0 Sample B was s p l i t  dur ing the run.  
VCM Value a t  
A- 
B- 
Average 
o.  011 
0.012 
0.013 
0.017 
0.012 
0.024 
0.023 
0.021 
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one of t h e  samples ( s e e  F igure  11-11) s p l i t  a t  some t i m e  during t h e  
340-hr exposure.  (Note also t h e  anomalous behavior  of Nordel A-5411A-117 
r epor t ed  under Mechanical P r o p e r t i e s . )  
FIG. 11-11 APPEARANCE OF SAMPLES OF NORDEL 
AFTER 340-hr VCM RUN 
The VCM va lues  f o r  t h e  Nordel samples a r e  p l o t t e d  i n  F igure  11-12).  
The gradual  i n c r e a s e  i n  VCM va lues  from 96 t o  340 hours of exposure 
i n d i c a t e s  t h a t  t h e  polymers conta in  a s u b s t a n t i a l  amount of e a s i l y  vola- 
t i l e  m a t e r i a l s  (p r imar i ly  an oil of a t  l e a s t  CZ7) and t h a t  t h e  Nordei 
A-5411A-117 con ta ins  t h e  l e a s t  of t hese  m a t e r i a l s .  (Discussion of t h i s  
kind of evaporation-condensation behavior i s  given a t  t h e  beginning of 
t h i s  Sec t ion  .) 
The outgass ing  products  of Nordel A-5411A-113 were i d e n t i f i e d  by 
i n f r a r e d  and mass spectroscopy techniques.  The VCM from t h e  96-hr run 
was s u f f i c i e n t l y  p re sen t  t o  be  examined by i n f r a r e d  spectroscopy.  The 
s p e c t r a  ind ica t ed  c l e a r l y  t h a t  a hydrocarbon was predominant. For com- 
p a r i s o n ,  an i n f r a r e d  spectrum w a s  obtained f o r  an ord inary  instrument  o i l ,  
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1-12 VCM VALUES AT 143"/25"C WITH RESPECT TO TIME 
FOR NORDEL SAMPLES 
r e a d i l y  a v a i l a b l e  i n  t h e  l a b o r a t o r y .  F igu re  11-13 i l l u s t r a t e s  t h e  
i n f r a r e d  p a t t e r n s  f o r  t h e  t h r e e  m a t e r i a l s ;  hence, t h e  VCM i s  a t t r i b u t a b l e  
e s s e n t i a l l y  t o  t h e  o i l  (Sun O i l  5150) used i n  p rocess ing  t h e  Norde l s .  
A d e t a i l e d  mass spec t romet r i c  a n a l y s i s  of t h e  outgass ing  c h a r a c t e r -  
i s t i c s  of Nordel A-5411A-113 i s  given i n  Table  11-4. The long-chain 
n-alkane hydrocarbon i s  t y p i c a l  of l u b r i c a t i n g  o i l s ;  t h e  presence  of a 
long-chain a l i p h a t i c  c a r b o x y l i c  ac id  i s  a s c r i b e d  t o  t h e  o i l  i t s e l f  (such 
a c i d s  a r e  about t h e  only  oxygenated compounds t h u s  f a r  i s o l a t e d  from 
petroleum) s i n c e  i t  i s  doub t fu l  t h a t  t h e  o r i g i n  can be i d e n t i f i e d  wi th  
t h e  compounding of Norde l .  The te rpene ,  of a t  least  t h r e e  i sop reno id  
un i t s ,  may o r i g i n a t e  from e i t h e r  t h e  "diene" c a t a l y s t  used i n  compounding 
t h e  Nordel or from incomple te ly  polymerized s t a r t i n g  m a t e r i a l .  A mass 
s p e c t r o m e t r i c  a n a l y s i s  of Nordel A-5411A-113 i n  t h e  as - rece ived  c o n d i t i o n  
i n d i c a t e d  t h a t  t h e  presence  of C02,  HZO, and R-COOH (Table 11-4) was no t  
a t t r i b u t a b l e  t o  t h e  pos t -cure  a t  177OC i n  a i r .  
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FIG. 11-13 INFRARED ABSORBANCE OF VCM FROM TWO NORDEL SAMPLES 
COMPARED WITH AN INSTRUMENT LUBRICATING OIL 
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Table 11-4 
MASS SPECTROMETRIC ANALYSIS OF OUTGASSING 
CHARACTER1 STIC S OF NORDEL A-5 411 A-1 13" 
T i m e  a t  
Temp., H r  Temp., OC 
150t  0.1 
150 16 
Vacuum, t o r r  
6 X 
7 x 
l d e n t i f  i ca t  i o n  of P roduc t s  
(es t imated  mol-$) 
50 H2° 
s a t u r a t e d  hydrocarbons t o  40 
'27 
7 15 t e r p e n e ,  t o  C 
c02 2 
a l i p h a t i c  ca rboxy l i c  a c i d  1 
to '18 
same as  above 
1 . 8 - m g m  sample, pos t  cured a t  177'C i n  a i r  
w i t h i n  one hour 
t Sample was outgassed  f o r  24 hours a t  25OC and then  r a i s e d  t o  150'C 
Note: Nordel A-5411A-113 i n  t h e  as - rece ived  c o n d i t i o n  w a s  a l s o  
analyzed mass s p e c t r o m e t r i c a l l y ;  t h e  same p roduc t s  were 
iden  t i f i ed . 
HvDalon A-2411A-2717 
Dup l i ca t e  samples of Hypalon A-2411A-2717 ( s e e  Appendix) were run 
concur ren t ly  wi th  t h e  Nordel A-5411A-115; hence, t h i s  VCM de te rmina t ion  
a l s o  was made a t  143OC. 
s u b j e c t e d  t o  any k ind  of pos t -cure .  
I n  t h i s  i n s t a n c e ,  however, t h e  samples were no t  
The Hypalon samples exh ib i t ed  a d e f i n i t e  s t i f f n e s s  a f t e r  t h e  
336-hr exposure,  p a r t i c u l a r l y  i n  c o n t r a s t  t o  t h e  Nordel A-5411A-115 
which was run a t  t h e  same t i m e .  
Weight l o s s  and VCM d a t a  a r e  g iven  i n  Table  11-5. The VCM va lues  
a re  p l o t t e d  i n  F igu re  11-14; n o t e  t h e  s i m i l a r i t y  of i n c r e a s e  wi th  VCM 
ve r sus  t i m e  i n  comparison wi th  the  Nordel d a t a  (Figure 11-12]. 
A f t e r  t h e  48- and 96-hr exposures, t h e  VCM weight i s  roughly equiv- 
a l e n t  t o  l o s s  i n  weight.  A f t e r  t h e  336-hr exposure,  however, t h e  VCM 
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Table 11-5 
VCM AND WEIGHT-LOSS DETERMINATIONS 
FOR HYPALCN A-2411A-2717 AT 143OC'' 
(VCM C o l l e c t o r  Surface a t  25OC) 
cn 
I 
5 0.020 
u 
T i m e  a t  
Temp., 
H r  . 
I I I 
> 1 - - 
48 
96 
3 36 
Sample 
Weight, g 
A- 
B- 
4.572819 
4.414694 
4.369907 
4.249205 
4.655362 
4 .a31042 
Weight Loss, '$ 
A- 
B- 
O .73 
0.79 
0.90 
0.92 
1.23 
1.15 
Average 
0 .76 
0.91 
1.19 
To ta l  VCM, g 
Average 
0.040 
0.037 
0.042 
0.038 
0.053 
0.053 
0.039 
0.040 
0.053 
VCM L 
143'/2: 
A- 
B- 
O .017 
0.016 
0.018 
0.016 
0.023 
0.023 
l u e  a t  2 
C ,  d i n .  
Average 
0.017 
0.017 
0.023 
As-received 
Average sample a r e a ,  2.31 in .2  
0 80 160 240  
TIME- hours 
300 
T A - 4 2 5 7 - 1 2  
FIG. 11-14 VCM VALUES AT 143"/25"C WITH RESPECT TO TIME 
FOR HYPALON A-241 1A-2717 
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weight i s  about 93% of t h e  weight loss;  t h i s  would i n d i c a t e  t h a t  t h e  
p o l y m e r  i s  r e l e a s i n g  material not condensable a t  25OC. 
i s  augmented by t h e  r e s u l t s  of t h e  mass s p e c t r o m e t r i c  a n a l y s i s .  
T h i s  i n d i c a t i o n  
The mass s p e c t r o m e t r i c  a n a l y s i s  of t h e  vapor r e l e a s e d  from t h e  
Hypalon i s  g iven  i n  Table 11-6. The material r e l e a s e d  immediately a t  
143'C ( o t h e r  t han  water) i s  p r imar i ly  s a t u r a t e d  hydrocarbons bu t ,  a f t e r  
22 hours of exposure a t  temperature,  t h e  predominant s p e c i e s  ( o t h e r  
t han  water )  i s  carbon d iox ide ,  with smal l  amounts of hydrocarbons,  
C1-containing hydrocarbons, hydrochlor ic  a c i d ,  and s u l f u r  compounds. 
T h i s  mixture  would i n d i c a t e  e i t h e r  polymeric skeletal  breakdown o r  
breakdown of low-molecular-weight polymeric m a t e r i a l .  
Table 11-6 
MASS SPECTROMETRIC ANALYSIS OF OUTGASSING 
CHARACTERISTICS OF HYF'ALON A-2411A-2717 
T ime  a t  
Temp., H r .  
0 . 1  
22 
Vacuum, t o r r  
7 x 
8 X 
I d e n t i f i c a t i o n  of Products  
( e s t ima ted  mol-$) 
82 
s a t u r a t e d  hydrocarbons 1 4  
H2° 
3 
c02 
hydrocarbons c o n t a i n i n g  C1- 0.5 
u n s a t u r a t e d  hydrocarbons 0.3 
~ 
H2° 
c02 
62 
30 
s a t u r a t e d  hydrocarbons 3 
2 
hydrocarbons c o n t a i n i n g  C1 1 
- s02 
cs2 
HC1 
1 
1 
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111,  MECHANICAL PROPERTIES OF POLYMERIC MATERIALS 
N . Fishman 
Cont inua t ion  of t h e  work r epor t ed  i n  t h e  F i n a l  Technica l  Report 
(December 8 ,  1963) involved  t e s t s  on s e v e r a l  m a t e r i a l s  t o  de te rmine  
whether changes of mechanical p r o p e r t i e s  occur  i n  a vacuum-thermal 
environment.  The t es t s  may be summarized a s  fo l lows:  
(1 )  Continuous and i n t e r m i t t e n t  s t r e s s - r e l a x a t i o n  tes ts  
conducted i n  s i t u  i n  t h e  vacuum-thermal environment. -- 
(2) C o n s t a n t - s t r a i n - r a t e  tes ts  of r i n g s  exposed t o  t h e  
vacuum-thermal environments compared wi th  r i n g s  
s t o r e d  under ambient c o n d i t i o n s .  
(3)  Continuous and i n t e r m i t t e n t  s t r e s s - r e l a x a t i o n  tes ts  
a t  e l e v a t e d  tempera tures  i n  a i r .  
Before  t h e s e  tes ts  were undertaken, some p re l imina ry  i n v e s t i g a t i o n s  
were undertaken t o  r e s o l v e  some ques t ions  which a r o s e  du r ing  l a s t  yea r ’ s  
program. These p re l imina ry  i n v e s t i g a t i o n s  were concerned p r i m a r i l y  
wi th  provid ing  a s su rance  t h a t  tempera tures  and p r e s s u r e s  measured a t  
t h e  specimen l o c a t i o n  i n  t h e  vacuum chamber were v a l i d .  
P re l imina rv  T e s t s  
The vacuum chamber p rev ious ly  used f o r  t h e  s tudy  of t h e  mechanical 
p r o p e r t i e s  of polymers i n  a simulated space  environment had been main- 
t a i n e d  i n  stand-by ope ra t ion  so t h a t  l i t t l e  work was needed t o  p repa re  
i t  f o r  extended u s e .  (The vacuum system i s  desc r ibed  i n  I n t e r i m  
Report N o .  1, June 8, 1963.) The mechanical-property test appa ra tus ,  
con ta ined  i n  t h e  vacuum chamber, was r e f u r b i s h e d  i n  o r d e r  t o  a s s u r e  
adequate  pumping speed from t h e  heated sample compartments, and s e c t i o n s  
were r e b u i l t  i n  o r d e r  t o  a s s u r e  constancy of tempera ture  i n  t h e  sample 
r e g i o n .  
The h e a t - r e f l e c t i n g  b a f f l e s  were reworked and modified; t h e  upper  
b a f f l e  now c o n s i s t s  of t h r e e  copper s h i e l d s ;  t h e  upper ones a r e  b r i g h t l y  
p l a t e d  wi th  chromium on a l l  su r f aces ,  and t h e  lowest one i s  chromium- 
p l a t e d  on t o p  and coa ted  with Aquadag on t h e  s i d e  f a c i n g  t h e  sample 
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compartment. Th i s  s u r f a c e  t h u s  i s  a b l ack  body and t e n d s  t o  hold  t h e  
c e n t r a l  compartment w i th in  t h e  heated space  a t  a c o n s t a n t  tempera ture .  
S ince  t h i s  s h i e l d  w i l l  be a t  a lower tempera ture  than  t h e  c e n t r a l  h e a t -  
i n g  compartment, a po l i shed  aluminum cup was i n t e r p o s e d  between t h i s  
s h i e l d  and t h e  sample-holding jaws of t h e  relaxometer;  t h e  s i d e s  of t h e  
cup p ick  up h e a t  from t h e  sample compartment a t  a g r e a t e r  r a t e  t han  h e a t  
can be r a d i a t e d  t o  t h e  lower s h i e l d  and t h u s  i t s  tempera ture  i s  essen- 
t i a l l y  t h a t  of t h e  sample compartment. The s h i e l d  i n  t h e  bottom of t h e  
h e a t i n g  compartment i s  now a l s o  chromium-plated and t h e  s u r f a c e  exposed 
t o  t h e  sample compartment i s  covered wi th  Aquadag. T h i s  modified con- 
s t r u c t i o n  provides  black-body r a d i a t i n g  s u r f a c e s  f o r  t h e  sample compart- 
ment. A t  equ i l ib r ium,  t h e  temperature of a l l  r a d i a t i n g  s u r f a c e s  should 
be t h e  same; consequent ly ,  a sample mounted i n  t h e  c e n t r a l  reg ion  of  t h e  
c y l i n d r i c a l  compartment should achieve t h e  e q u i l i b r i u m  tempera ture  very 
n e a r l y  uniformly a long  i t s  l eng th .  
Thermocouples were removed from t h e  lead- in  t u b e s  used i n  t h e  e a r -  
l i e r  model and r e i n s e r t e d  ba re  through t h e  bottom of each p o s i t i o n  t o  
minimize t h e  conduct ive  pa th  which had caused er roneous ly  low tempera ture  
r ead ings .  These changes proved t o  be e f f e c t i v e  and tempera ture  g r a d i e n t s  
were found t o  be n e g l i g i b l e  wi th in  t h e  r e l axomete r s .  I t  w a s  found neces- 
s a r y  t o  embed each measuring thermocouple j u n c t i o n  i n  a t h i c k n e s s  of 
polymeric m a t e r i a l  approximately t h a t  of t h e  r i n g  specimens t o  read 
c o r r e c t  t empera tures ;  t h e  c o l o r  of t h e  mater ia l - -whi te ,  red ,  or black-- 
d i d  no t  appear t o  have any s i g n i f i c a n t  e f f e c t .  There i s  conf idence  t h a t  
tempera ture  measurement i n  each p o s i t i o n  i s  c o r r e c t  t o  a t  l e a s t  * l°C.  
P rev ious  work had i n d i c a t e d  t h e  p o s s i b i l i t y  t h a t  t e n s i l e  p r o p e r t i e s  
determined i n  vacuum may have been d i f f e r e n t  t han  t h o s e  determined a t  
a tmospher ic  p r e s s u r e ,  C o n s t a n t - s t r a i n - r a t e  tes ts  of Viton 8 and TFE 
Tef lon ,  conducted a t  125OC i n  t h e  vacuum chamber a t  about 3 X 10 
y i e l d e d  e s s e n t i a l l y  t h e  same s t r e s s - s t r a i n  curves  a s  t h o s e  determined 
a t  a tmospher ic  p r e s s u r e .  Former d i sc repanc ie s  can be a t  least  par- 
t i a l l y  a t t r i b u t e d  t o  erroneous temperature measurement i n  t h e  vacuum 
chamber, 
-5 t o r r  
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P r i o r  t o  i n i t i a t i n g  a c t u a l  t e s t i n g  i n  the  vacuum chamber, load  cel ls  
and in s t rumen ta t ion  were checked and r e c a l i b r a t e d  and a l l  elements of 
t he  s y s t e m  were c a r e f u l l y  examined t o  provide  a s su rance  of u n i n t e r r u p t e d  
long-time tes ts .  
T e s t  R e s u l t s  
Continuous and i n t e r m i t t e n t  stress r e l a x a t i o n  tes ts  of r i n g s  of 
Viton A-4411A-990 and -991, Nordel A-5411A-113 and -117, and Hypalon 
A-2411A-2717 and -2718 were conducted i n  d u p l i c a t e  Rings of each 
m a t e r i a l  were a l s o  s t o r e d  i n  the re laxed  s t a t e  wi th in  t h e  vacuum chamber 
a t  t h e  tes t  tempera ture  f o r  l a t e r  c o n s t a n t  s t r a i n  rate tes t s .  P r i o r  t o  
r a i s i n g  t h e  tempera ture  i n  t h e  t e s t  areas t o  125OC, specimens were p re -  
cond i t ioned  under vacuum a t  about 5OoC f o r  p e r i o d s  ranging from about 
200 t o  400 hours .  Some continuous and i n t e r m i t t e n t  stress r e l a x a t i o n  
t e s t s  were a l s o  conducted a t  125OC i n  an a i r  environment. 
R e s u l t s  of stress r e l a x a t i o n  tes ts  a r e  p re sen ted  i n  F igu res  111-1 
t o  111-8,ik i n c l u s i v e ;  i n d i c a t i v e  p o i n t s  a r e  t a b u l a t e d  f o r  comparison 
i n  Tables  111-1 and 111-2.t Rings u t i l i z e d  f o r  stress r e l a x a t i o n  t es t s  
were weighed be fo re  and a f t e r  each tes t  per iod;  weight l o s s e s  a r e  shown 
i n  Table  111-3. The e f f e c t s  of t h e  vacuum-thermal environment on the 
t e n s i l e  p r o p e r t i e s  of s t o r e d  m a t e r i a l s  are shown i n  Tables  111-4 and 111-5. 
Time ,  t empera ture ,  and pressure c o n d i t i o n s  f o r  each test  a r e  l i s t e d  
i n  t he  f o o t n o t e s  t o  Table  111-3 and a l s o  i n  Table 111-5. 
Discuss ion  of R e s u l t s  
The r e s u l t s  of cont inuous  and i n t e r m i t t e n t  stress r e l a x a t i o n  tests 
can be i n t e r p r e t e d  t o  y i e l d  information concerning t h e  r a t e s  of aggre- 
g a t i v e  and d i s a g g r e g a t i v e  r e a c t i o n s  occur r ing  upon degrada t ion  of rubbery 
i i l a t e r i a l s .  Aggregation i n c l u d e s  a l l  t h o s e  r e a c t i o n s  which have the 
e f f e c t  of c r o s s - l i n k i n g  o r  c h a i n  lengthening;  d i s a g g r e g a t i o n  i n c l u d e s  
cha in - sc i s s ion  or c leavage .  Cross- l ink ing  r e a c t i o n s  g e n e r a l l y  do not  
F i g u r e s  111-1 t o  111-8 may be  found a t  t h e  end of t h i s  S e c t i o n .  
t Tab les  111-1 t o  111-5 may be found a t  t h e  end of t h i s  S e c t i o n .  
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a f f e c t  t h e  stress i n  a cont inuous ly  s t r e t c h e d  sample; t h u s ,  t he  decay of 
stress a t  e l e v a t e d  tempera tures ,  occur r ing  i n  rubbers  maintained a t  
c o n s t a n t  ex tens ion ,  i s  a direct  measure of t he  s c i s s i o n  r e a c t i o n s  a l o n e .  
The "net" e f f e c t  of t h e  c ros s - l ink ing  and s c i s s i o n  r e a c t i o n s  i s  
measured by a l lowing  t h e  rubber  t o  remain u n s t r a i n e d ,  a s  i n  t he  i n t e r -  
m i t t e n t  tes t .  I n  such a tes t ,  if t h e  c r o s s - l i n k i n g  r e a c t i o n s  are f a s t e r  
t han  s c i s s i o n ,  i n t e r m i t t e n t l y  measured va lues  of stress i n c r e a s e ;  con- 
v e r s e l y ,  if c r o s s - l i n k i n g  i s  slower than  s c i s s i o n ,  stress decreases. 
Thus, i n  F igu re  111-8 as an example, U i s  a measure of t he  f r a c t i o n  
of t h e  o r i g i n a l  network cha ins  uncut a f t e r  15 hours  of exposure; and X 
i s  a measure of t h e  r e l a t i v e  concen t r a t ion  of new network l i n k s  formed 
by aggrega t ion  compared t o  the  o r i g i n a l  concen t r a t ion  of network c h a i n s ,  
The g e n e r a l  c o n f i g u r a t i o n  of t h e  tes t  r e s u l t s  of a l l  t he  rubber  
samples t e s t e d  i n  t h e  vacuum-thermal environment i n  t h i s  program t h u s  
f a r ,  as seen i n  F igu res  111-1 t o  111-7, i n c l u s i v e ,  c o n s i s t s  of t h e  ex- 
pec ted  decay of stress under continuous s t r a i n ,  and a n e t  i n c r e a s e  of 
stress, a f t e r  an apparent  pe r iod  of approximately balanced r a t e s  of 
aggrega t ion  and d i saggrega t ion ,  i n  t h e  i n t e r m i t t e n t  t es t .  The  s l o p e  of 
t h e  cu rve  of i n t e r m i t t e n t  tes t  d a t a  i s  a q u a l i t a t i v e  measure of t h e  n e t  
rate of aggrega t ion  and d i saggrega t ion .  I n  g e n e r a l ,  d u p l i c a t e  r e s u l t s  
were i n  c l o s e  agreement; one exception i s  noted  i n  t h e  r e s u l t s  of tests 
of Nordel A-5411A-117 (F igure  111-2) where errat ic  d a t a  B e r e  ob ta ined  
from one r i n g  of the  i n t e r m i t t e n t  t e s t .  Such behavior  could  have r e s u l t e d  
from occluded c a t a l y s t  or o t h e r  r e a c t a n t  which had a temporizing e f f e c t  
on t h e  c r o s s - l i n k i n g  r e a c t i o n s ,  
When t h e  r i n g s  were removed from the chamber a f t e r  each tes t ,  t he  
appearance of a l l  the materials w a s  about the same. Rings sub jec t ed  t o  
con t inuous  stress r e l a x a t i o n  t es t s  were permanently deformed. The in-  
crease i n  stress shown i n  the  i n t e r m i t t e n t  t es t s  was accompanied by a 
toughening of the  m a t e r i a l ,  al though none had y e t  become b r i t t l e .  
In examining these d a t a ,  one should c o n s i d e r  how the e l a s tomer  i s  t o  
be used .  I f  t h e  m a t e r i a l  i s  normally a p p l i e d  under a t e n s i l e  s t r a i n ,  
r e s u l t s  from t h e  cont inuous  test a r e  of g r e a t e r  importance; i f  t h e  
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m a t e r i a l  i s  r e l axed  or under s l i g h t  compression (as i n  O-rings),  t h e  
i n t e r m i t t e n t  t es t  p rov ides  more d i r e c t l y  a p p l i c a b l e  r e s u l t s .  However, 
a s  d i scussed  above, t h e  combined r e s u l t s  from both tes ts  provide  a de- 
s c r i p t i o n  of t h e  deg rada t ion  process  of t h e  material .  
S p e c i f i c  p o i n t s  from t h e  tes t  d a t a  a r e  shown i n  Table  111-1 t o  
provide  ready means f o r  comparison of r e l a t i v e  s t a b i l i t y  among the  
m a t e r i a l s .  Both ba t ches  of Viton appear t o  be more s t a b l e  i n  t h e  
vacuum-thermal environment than  any of the  o t h e r  materials tes ted.  The  
n e t  d i f f e r e n c e  between the continuous and i n t e r m i t t e n t  tes t  d a t a  i s  the  
l e a s t  f o r  Viton A-4411A-990, w i t h  Viton A-4411A-991 being a c l o s e  second. 
Continuous test r e s u l t s  show t h e  Vitons t o  be cons ide rab ly  more s t a b l e  
than  t h e  o t h e r  m a t e r i a l s .  However, i f  stress decay under s t r a i n  can be 
d i scon t inued  because of u s e  c o n s i d e r a t i o n s ,  Hypalon A-241lA-2718 appea r s  
t o  be the  least  a f f e c t e d ,  w i t h  Nordel A-2411A-113, Hypalon A-2411A-2717, 
and Viton A-4411A-990 fo l lowing  i n  o r d e r  of dec reas ing  s t a b i l i t y .  From 
t h i s  p o i n t  of view, both  Viton A-4411A-991 and Nordel A-5411A-17 appear 
t o  become t o o  h igh ly  c ros s - l inked  i n  t h i s  environment. 
F igu re  111-7 i s  a composite of test r e s u l t s  of one ba tch  of each 
m a t e r i a l  t o  i l l u s t r a t e  t h e  major d i f f e r e n c e s  among the  three m a t e r i a l s  
s t u d i e d .  Although t h e  Viton A-44116-990 appears  t o  show e a r l i e r  i nc reased  
c r o s s - l i n k i n g ,  t h e  r a t e  i s  lower than t h a t  of t h e  o t h e r  m a t e r i a l s  and 
the  n e t  d i f f e r e n c e  between continuous and i n t e r m i t t e n t  curves  i s  seen t o  
be  less.  
A l s o  i nc luded  i n  F igu re  111-7 a r e  t h e  cu rves  f o r  Viton A-4411A-778 
from p rev ious  work. The i n t e r m i t t e n t  test was c u t  s h o r t  by what appeared 
t o  be premature r u p t u r e  of the r ing ;  stress decay under cont inuous  s t r a i n  
appeared t o  be cons ide rab ly  more ex tens ive  than  t h a t  of Viton A-4411A-990. 
T h i s  apparent  d i f f e r e n c e  should no t  be  t o o  h e a v i l y  weighted s i n c e  i t  i s  
p o s s i b l e  tha t  t h e  s t o r a g e  temperature may have been h i g h e r  than  125OC. 
Continuous and i n t e r m i t t e n t  stress r e l a x a t i o n  tes t  r e s u l t s  f o r  
Nordel A-5411A-113 and -117 and Hypalon A-2411A-2717 exposed i n  a i r  a t  
125OC a r e  shown i n  F i g u r e  111-8 and i n  Table  111-2. 
as  i n d i c a t e d  by stress decay i n  t h e  cont inuous  t e s t ,  a p p e a r t o b e  e s s e n t i a l l y  
Sc i s s ion  r e a c t i o n s ,  
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t h e  same, whether i n  a i r  o r  i n  vacuum, except  perhaps f o r  t h e  Nordel 
A-5411A-117 which appeared t o  experience a somewhat l e s s e r  degree  of 
s c i s s i o n  i n  vacuum. Cross - l ink ing  proceeded more r a p i d l y  i n  a i r  f o r  
bo th  ba tches  of t h e  Nordel,  but was s u b s t a n t i a l l y  reduced i n  t h e  Hypalon, 
which showed a n e t  r a t e  of c ros s - l i nk ing  less than  t h a t  of cha in  
sci ssi on . 
Loss i n  weight f o r  each of t h e  m a t e r i a l s  t e s t e d  i s  shown i n  
Tab le  111-3. Both ba tches  of Viton aga in  a r e  s u p e r i o r  t o  t h e  o t h e r  
m a t e r i a l s  from t h e  po in t  of view of ou tgass ing .  Nordel A-5411A-113 
l o s t  over  1 9  of weight;  if the  outgass ing  products  a r e  d e t r i m e n t a l  
t o  o t h e r  f u n c t i o n s  of t h e  spacec ra f t ,  only t h e  Vi tons  appear t o  be 
s u i t a b l e  f o r  u s e .  
Resul ts  of c o n s t a n t  s t r a i n - r a t e  tests of r i n g s  s t o r e d  a t  125OC i n  
t h e  vacuum chamber a r e  shown i n  Tables 111-4 and 111-5. Viton A-4411A-990 
a g a i n  appears  t o  wi ths t and  t h e  vacuum-thermal environment b e t t e r  t han  
t h e  o t h e r s  t e s t e d ,  a l though i t  i s  d i f f i c u l t  t o  see much d i s t i n c t i o n  
between t h e  two ba tches  of Vi ton .  The exposed r i n g s  of Nordel,  p a r t i c -  
u l a r l y  A-5411A-117, showed cons ide rab le  i n c r e a s e  i n  modulus and decrease 
i n  r u p t u r e  s t r a i n ,  bu t  t h e  changes observed do n o t  i n  themselves appear  
t o  be  so seve re  as t o  make t h e s e  m a t e r i a l s  u n s u i t a b l e  f o r  u se .  None of 
t h e  r i n g s  used i n  t h e  cont inuous  or i n t e r m i t t e n t  stress r e l a x a t i o n  tests 
broke under stress. 
The fo l lowing  t a b l e  summarizes t h e  r e s u l t s  d i scussed  above. Apparent 
s u i t a b i l i t y  f o r  u s e  under  t h e  var ious  c o n d i t i o n s  i s  i n d i c a t e d  by symbols: 
"X" = s u i t a b l e  
"0" = u n s u i t a b l e  
= assignment no t  warranted by tes t  r e s u l t s .  1 1 , I l  
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Mater i a 1  
Viton A- 
4411A-990 
Viton  A- 
441111-991 
Nordel A- 
5411A-113 
Nordel A- 
5411A-117 
Hypalon A- 
Hypalon A- 
241 1 A-2717 
2 41 1 A-27 18 
I n t e r m i t  t en t T e s t  
u s e  under  c o n d i t i o n  
of no  s t r a i n )  
X 
- 
X 
- 
X 
xx 
Continuous Stress 
Relaxation (use  under 
s t  r a i n e d  c o n d i t i o n  ) 
xx 
xx 
- 
- 
0 
0 
T e n s i l e  
Prop e r t  i e E 
X 
X 
- 
- 
not tes ted 
not tested 
Yeight 
Loss 
X 
X 
00 
0 
0 
0 
From t h e  above t a b l e ,  i t  i s  apparent t h a t  of t h e  materials s t u d i e d  i n  
t h i s  program, Viton, wi th  a s l i g h t  edge t o  A-4411A-990 over  A-4411A-991, 
i s  the  only material which i s  s u f f i c i e n t l y  s table  f o r  u se  i n  a vacuum- 
thermal  environment. However, i f  t h e  m a t e r i a l  i s  t o  be used i n  an un- 
s t r a i n e d  cond i t ion ,  and i f  t h e  outgass ing  of Hypalon A-2411A-2718 i s  n o t  
d i s q u a l i f y i n g ,  then  t h a t  material might a l s o  be s u i t a b l e  f o r  u s e ,  
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Table 111-1 
EFFECT OF VACUUM-THERMAL ENVIRONMENT ON STRESS 
RELAXATION BEHAVIOR OF VITON, NORDEL, AND HYPALON 
M a t e r i a l  
Vi ton  A 
4411A-990 
In t e rmi t  
Approx. Time t o  
f ( t ) / f ( o )  > 1.0 ,  
hours  
20 
Viton A 
4411A-991 
Nordel A- 
5411A-113 
Nordel A- 
541 1A-117 
Hypalon A- 
2 4 1 1 A-271 7 
Hypalon A- 
2 4 1  1A-2 71  7 
3 
70 
5 
100 
2 50 
t e n t  
1.01 1.27 
1.11 1.46 
1.0 1.11 
1.20 2.48 
1.0 1 .26  
1.0 1 .07  
Con t i nu ou s 
Approx. T ime  t o  
f ( t ) / f ( o )  = 0.8 ,  
hours  - 1  20 h r s  500 hrs( 
20 0.74 0.66 
0.83 0.76 70 
1 
1 
0.51 0.40 
0.65 0.55 
1. A l l  tests conducted a t  s t r a i n s  of approximately 0 . 2 5 .  
2 .  Data ob ta ined  f m m  b e s t  curves  drawn through d u p l i c a t e  t e s t  r e s u l t s .  
3.  Exposure c o n d i t i o n s  cons i s t ed  of two s t a g e s :  
Viton - ( a )  325 hours  a t  5OoC and average  p r e s s u r e s  of from 
2 X t o  7.5 X t o r r  (b) up t o  about 800 hours  
a t  125OC and average p r e s s u r e s  of from 2 X 10-5 t o  
7 .5  x 10-6 t o r r .  
Nordel - ( a )  425 hours  a t  5OoC and an average  p r e s s u r e  of 
about 7.5 X t o r r  (b)  up t o  about 600 hours  
of 125OC and an average  p r e s s u r e  of about 
4.5 x 10-6 t o r r .  
Hypalon - (a) 168 hours a t  5OoC and an average  pressure  of 
about 5 X t o r r  ( b )  up t o  about 800 hours  a t  
125OC and average p r e s s u r e s  of from 6 X 
3.5 x 10-6 t o r r .  
t o  
4 .  The f u n c t i o n  f ( t ) / f ( o )  i s  the  r a t i o  of t h e  f o r c e  a t  t i m e  t t o  
t h e  f o r c e  a t  t i m e  o ( t h e  s t a r t i n g  t i m e ) .  
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M a t e r i a l  
I n t e r m i t t e n t  
Nordel A 
5411A-113 
Nordel A 
5 4 11A-117 
Hypalon A- 
2411A-2717 
Con t i nuou s 
Notes: 
Approx. T ime  t o  
hours  
f ( t ) / f ( o )  > 1.0, f ( t ) / f ( o )  a t  2o hours 
I 
I 
1 1 1 .2  
1 I 1.44 
Approx. Time t o  
hours  
f ( t ) / f ( o )  = 0.8,  
0 .8  
0 .8  
0 .8  
1. All tests conducted a t  s t r a i n s  of approximately 0 .25.  
2 .  Data obta ined  from tests of s i n g l e  specimens. 
3.  Environment c o n s i s t e d  of one atmosphere of a i r  a t  125OC. 
Table 111-3 
WEIGHT LOSS OF R I N G S  USED FOR STRESS RELAXATION TESTS 
M a t e r i a l  
Viton A- 
441 1 A-9 9 0 
Vi ton  A- 
441 1A-991 
Nordel A- 
5 4 1 1 A - 1 1 3  
Nordel A- 
5 4 1  1 A-1 17  
Hypalon A- 
Hypalon A- 
2411A-271: 
2411A-271t 
Nordel A- 
5411A-113 
Nordel A- 
5411A-117 
5OoC Exposure 
i m e ,  
ou r s  
325 
-
325 
425 
425 
168 
168 
0 
0 
- 
ive .  P r e s s u r e ,  
t o r r  
2 x 10-5 to 
7.5  x 10-6 
2 x 10-5 to 
7.5 x 10-6 
7.5  x 10'6 
7.5 x 10-6 
5 x 10-6 
5 x 10-6 
125OC Exposure 
rime, 
hours 
800 
800 
600 
600 
800 
800 
54 
30 
~ ~ ~~ 
ive .  P res su re ,  
t o r r  
2 x 10-5 to 
7 .5  x 10-6 
2 x 10-5 t o  
7.5 x 10-6 
4.5 x 10'6 
4 . 5  x 10-6 
6 X 10-6 t o  
3 .5  x 10-6 
3.5 x 10-6 
6 X to 
760 ( a i r )  
760 ( a i r )  
Weight Loss ,  '$, 
Average of f o u r  r i n g s  
0.075 
0.12 
10.5 
3 .O 
3.5 
2.5 
1 .l+* 
0.95++ 
Average of two r i n g s  
45 
Table 111-4 
EFFECT OF VACUUM-THERMAL ENVIRONMENT ON 
TENSILE PROPERTIES OF VITON 
Batch No. 
A-4411A- 
990 
A-4411A- 
991 
S t r e s s  a t  S t r e s s  a t  S t r a i n  a t  
p s i  p s i  i n  . / i n .  
T e s t  Temp., S t r a i n  of  0 .25 ,  Rupture ,  Rupture ,  
O C  
H i s t o r y  
C o n t r o l  25 127 1495 4.65 
Exposed 25 130 1940 4.85 
Exposed 125  102 402 1 . 6 4  
C o n t r o l  25 116 2180 4 .32  
Exposed 25 118 2025 3 .92  
C o n t r o l  125  88 453 1 . 7 8  
Exposed 125 115 449 1 .37  
C o n t r o l  125 79 338 2 . l o  
Batch No. 
125 110 632 
125 258 619 
I A-5411A- 
2.73 
1 . 4 8  
- 
I 113 
A-5413.A- 
117 
Table 111-5 
EFFECT OF VACUUM-THERMAL ENVIRONMENT ON 
TENSILE PROPERTIES OF NORDEL 
H i  s t o r y  
C o n t r o l  
Exposed 
C o n t r o l  
Exposed 
C o n t r o l  
Exposed 
C o n t r o l  
Exposed 
Notes:  1. 
2 .  
3. 
4 .  
T e s t  Temp., 
O C  
25 
25 
1 2 5  
125 
S t r e s s  a t  
S t r a i n  of 0 .25 ,  
i n  . / i n .  
1630 7.39 
2.77 
477 2.77 
All d a t a  p o i n t s  a r e  averages of measurements on d u p l i c a t e  
specimens.  
T e s t s  were conducted a t  a n  e x t e n s i o n  r a t e  of 0 . 1  i n  ./min. 
C o n t r o l  specimens were s t o r e d  a t  normal room c o n d i t i o n s  f o r  
t h e  e n t i r e  pe r iod  from specimen p r e p a r a t i o n  t o  f i n a l  t e s t i n g .  
Exposure c o n d i t i o n s  c o n s i s t e d  of two s t a g e s :  ( a )  405 hour s  
a t  5OoC and an average p r e s s u r e  of about  7 . 5  X 
(b )  605 hour s  a t  125OC and an a v e r a g e  p r e s s u r e  of about  
4 .5  x 10-6 t o r r .  
t o r r ,  
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FIG. 111-1 CONTINUOUS AND INTERMITTENT STRESS RELAXATION RESULTS 
FOR NORDEL A-5411A-113 IN VACUUM AT 125°C 
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FIG. 111-2 CONTINUOUS AND INTERMITTENT STRESS RELAXATION RESULTS 
FOR NORDEL A-5411A-117 IN VACUUM AT 125°C 
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FIG. 111-3 CONTINUOUS AND INTERMITTENT STRESS RELAXATION RESULTS 
FOR VITON A-4411A-990 IN VACUUM AT 125°C 
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FIG. 111-4 CONTINUOUS AND INTERMITTENT STRESS RELAXATION RESULTS 
FOR VITON A-4411A-991 IN VACUUM AT 125°C 
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FIG. 111-5 CONTINUOUS AND INTERMITTENT STRESS RELAXATION RESULTS 
FOR HYPALON A-2411A-2717 IN VACUUM AT 125°C 
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FIG. 111-6 CONTINUOUS AND INTERMITTENT STRESS RELAXATION RESULTS 
FOR HYPALON A-2411A-2718 IN VACUUM AT 125°C 
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FIG. 111-7 COMPARISON AMONG CONTINUOUS AND INTERMITTENT STRESS 
RELAXATION RESULTS FOR SELECTED BATCHES OF HYPALON, 
NORDEL, AND VITON IN VACUUM AT 125°C 
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FIG. 111-8 CONTINUOUS AND INTERMITTENT STRESS RELAXATION RESULTS 
FOR HYPALON A-2411A-2717, NORDEL A-541 1A-113, 
AND NORDEL A-5411A-117 IN AIR AT 125°C 
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I V  POLYURETHANE DEGRADATION 
J. Heller 
Vacuum-thermal deg rada t ion  of c e r t a i n  s e l e c t e d  polyure thanes  c a r r i e d  
o u t  du r ing  t h e  f i r s t  phase of t h i s  program and desc r ibed  i n  d e t a i l  i n  t h e  
F i n a l  Report of December 8 ,  1963 has shown t h a t  t h e  s t r u c t u r e  of t he  poly- 
ure thane  has  a profound e f f e c t  on both t h e  n a t u r e  and e x t e n t  of deg rada t ion .  
For example, i t  was found t h a t  polymers based on primary amines decom- 
posed a t  cons ide rab ly  lower temperatures than  those  prepared from secondary 
amines, Th i s ,  of cour se ,  i s  due to t h e  thermal d i s s o c i a t i o n  of t he  u re thane  
l i nkage  a t  e l e v a t e d  tempera tures ,  i . e . ,  
0 
// 
R - N H - C  - 0 - R ' S R - N  = C = O + H O - R '  
Thus ,  when t h i s  p r o j e c t  was resumed, i t  was dec ided  (1) t o  synthe- 
s i z e  a series o f  polyure thanes  based on primary amines i n  an e f f o r t  t o  
a s c e r t a i n  t h e  r e l a t i v e  e f f e c t s  of va r ious  s t r u c t u r a l  parameters on t h e  
s t a b i l i t y  of t h e  ure thane  l i nkage ;  and ( 2 )  t o  expand t h e  p ipe raz ine  ure- 
thane ser ies ,  I n  Table I V - 1  a r e  shown t h e  polymers t h a t  have been 
syn thes i zed .  
A t  a l a t e r  d a t e  i n  the  course of t h e  c o n t r a c t ,  i t  became necessa ry  
t o  l i m i t  t h e  amount of t i m e  t o  be spen t  on t h i s  p o r t i o n  of t h e  program; 
hence, i t  was no t  poss ib l e  t o  s t u d y  t h e  vacuum-thermal degrada t ion  of 
a l l  t hese  compounds. Therefore ,  i t  was planned t o  r e s t r i c t  t he  s t u d i e s  
t o  t h e  deg rada t ion  of polymers based on the  secondary diamine, p i p e r a z i n e .  
The fo l lowing  polymer systems were prepared and i n v e s t i g a t e d :  
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Code d e s i g n a t i o n s  used f o r  these  polymers a r e  a s  fo l lows :  
I = pip-ZU; I1 = p i p 3 U ;  and I11  = pip-DMe3U. 
The most e x t e n s i v e l y  i n v e s t i g a t e d  polymer was p i p - Z U .  F igure  IV-1 
shows t h e  format ion  of carbon d ioxide  and o t h e r  v o l a t i l e  degrada t ion  
products  ( i n  a r b i t r a r y  u n i t s  from i d e n t i c a l  amounts of s t a r t i n g  m a t e r i a l )  
a s  a f u n c t i o n  of t i m e  when hea ted  t o  255 C. 0 
I t  i s  i n t e r e s t i n g  t o  no te  t h a t  t h e  production of v o l a t i l e  products 
o t h e r  than  carbon d iox ide ,  i d e n t i f i e d  a s  e thy lene  oxide  and ace ta ldehyde ,  
r each  a more o r  less s t e a d y  va lue  e a r l y  i n  the  r e a c t i o n  whi le  t h e  pro- 
d u c t i o n  of carbon d ioxide  i s  r e l a t i v e l y  slow a t  f i r s t ,  bu t  t hen  begins 
t o  i n c r e a s e  r a p i d l y .  
The p i p 2 U  d a t a  thus  sugges t  t h a t  two d i f f e r e n t  deg rada t ion  modes 
may be o p e r a t i v e  and while a number of hypotheses can ,  of cour se ,  be 
advanced, i t  i s  f e l t  t h a t  t h e  da ta  a r e  s t i l l  too  fragmentary t o  j u s t i f y  
any v a l i d  conc lus ions .  As mentioned previous ly ,  t h e  r e s i d u e s  from t h e s e  
d e g r a d a t i o n s  remain s o l u b l e  and are  be ing  examined by n u c l e a r  magnetic 
resonance spec t roscopy ,  Unfor tuna te ly ,  a t  t h e  t i m e  t h i s  r e p o r t  i s  w r i t t e n  
t h e  NMR a n a l y s i s  h a s  no t  been completed and s e r i o u s  c o n s i d e r a t i o n  of 
r e a c t i o n  mechanisms is  d e f e r r e d .  
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FIG. IV-1 EVOLUTION OF GASEOUS PRODUCTS AS A FUNCTION OF TIME 
FROM THE DEGRADATION A T  255°C OF Pip-2U IN A VACUUM 
54 
One of t h e  deg rada t ion  mechanisms p o s t u l a t e d  p rev ious ly  involved  
an e l i m i n a t i o n  r e a c t i o n  s i m i l a r  t o  an ester p y r o l y s i s ,  i . e . ,  
n 
U 
H 
0 -  $ -  N N -  
K [ - N n N - 8 - O H  +CH2 = C H - 0 - C - N  $ ? n  3 UN - 
m - NUN - 
U 
- N  N - H + C 0 2  u 
Therefore ,  an abvious polymer system t o  be i n v e s t i g a t e d  i s  t h e  p i p D M e 3 U ,  
where t h e  @-hydrogens necessary  f o r  t h i s  e l i m i n a t i o n  have been blocked 
by methyl groups .  
0 
A s t u d y  of t h e  degrada t ion  of t h i s  s y s t e m  has shown t h a t  a t  255 C 
t h e r e  i s  indeed very  l i t t l e  degrada t ion  and t h a t  no s e r i o u s  gas  e v o l u t i o n  
t a k e s  p l ace  be fo re  325 C ,  A t  325 C ,  s i g n i f i c a n t  gas  e v o l u t i o n  does t a k e  
p l ace  and h a l f  of t h e  polymer i s  converted t o  v o l a t i l e  products  i n  s i x  
hour s .  The p r i n c i p a l  gaseous products t h u s  f a r  i d e n t i f i e d  by gas - l iqu id  
chromatography and i n f r a r e d  spectroscopy were carbon d iox ide  and 
i s o b u t y l e n e .  Again, a s  wi th  t h e  pip-2U polymer, t h e  s o l i d  r e s i d u e  remains 
s o l u b l e  and mechanis t ic  d i s c u s s i o n s  w i l l  have t o  be d e f e r r e d  u n t i l  t h e  
nuc lea r  magnetic resonance spectrum of t h e  r e s i d u e  is  ana lyzed .  
0 0 
For t h e  sake  of completeness,  t h e  pip-3U polymer system was a l s o  
i n v e s t i g a t e d  t o  a s s u r e  t h a t  a three-carbon segment between t h e  u re thane  
l i nkages  has  no s i g n i f i c a n t  s t a b i l i z i n g  e f f e c t .  Limited degrada t ion  
d a t a  t h u s  f a r  a v a i l a b l e  show t h i s  t o  be t r u e ,  and, indeed ,  t h e  pip-3U 
system seems t o  degrade a t  255 C a t  a cons ide rab ly  more r a p i d  r a t e  than  
t h e  pip-2U system. 
0 
Work on a l l  t h r e e  systems i s  con t inu ing  and i iearing completion. 
When t h i s  s t u d y  i s  completed, t h e  r e s u l t s  w i l l  be assembled i n t o  a manu- 
s c r i p t  f o r  s u b m i t t a l  t o  t h e  Jou rna l  - of Polymer Sc ience .  
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Experimental  
1. Polymer Degradation 
S tandard  vacuum techniques  were used .  The polymer, conta ined  i n  a 
g l a s s  tube  s e a l e d  t o  t h e  vacuum s y s t e m ,  was degassed a t  room tempera ture  
u n t i l  a p r e s s u r e  of 5 X 10 t o r r  was a t t a i n e d .  A t  t h i s  po in t  ( u s u a l l y  
24-48 hour s )  i t  was hea ted  by means of a vapor ba th  around t h e  tube  a t  
t h e  d e s i r e d  tempera ture  f o r  a c e r t a i n  l e n g t h  o f  t i m e .  
-7 
Gaseous products  were c o l l e c t e d  i n  a c a l i b r a t e d  t r a p  (cooled  i n  
l i q u i d  n i t r o g e n )  which was connected t o  a manometer so  t h a t  t he  t o t a l  
amount o f  v o l a t i l e  p r o d u c t s  could  be a s c e r t a i n e d .  The c o n t e n t s  of t h e  
t r a p  could a l s o  be f r a c t i o n a t e d  by warming t o  d r y  ice-ace tone  temperature 
and a l lowing  products  v o l a t i l e  a t  t h a t  t empera ture]  such a s  carbon d i o x i d e ,  
t o  condense i n t o  another  c a l i b r a t e d  t r a p  cooled  wi th  l i q u i d  n i t r o g e n .  
Analys is  o f  t h e  v o l a t i l e  products  could be achieved by condensing them 
i n t o  a sma l l  bu lb  which was then  connected t o  a gas-sampling va lve  o f  
a gas - l iqu id  chromatograph o r  t o  a mass spec t romete r .  The v o l a t i l e  
products  could  a l s o  be t r a n s f e r r e d  t o  a 1 0 - c m  gas  ce l l  and analyzed by 
i n f r a r e d  spec t roscopy.  
2 .  Polymer Syn thes i s  
Polymers were syn thes i zed  by s o l u t i o n  polymer iza t ion  o r  i n t e r f a c i a l  
po lymer iza t ion  t echn iques ,  a s  descr ibed  i n  p a s t  reports. 
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V. SPECIAL BIBLIOGRAPHY 
J .  S .  Whittick 
The S p e c i a l  B ib l iog raphy ,  e n t i t l e d  “ E f f e c t s  of Spacec ra f t  Environ- 
ments on Polymeric M a t e r i a l s , ”  was i s sued  a s  a s e p a r a t e  p u b l i c a t i o n  on 
January  1 5 ,  1965. The con ten t  of the  b ib l iog raphy  i s  i n d i c a t e d  by c i t a -  
t i o n  of t h e  Abs t r ac t :  
“ L i t e r a t u r e  on t h e  behavior  of polymeric m a t e r i a l s  under 
s e r v i c e  c o n d i t i o n s  wi th in  a s p a c e c r a f t  has  been c o l l e c t e d  
and reviewed. The r e s t r i c t i n g  parameters  f o r  s e l e c t i o n  
of c i t a t i o n s  were environmental  c o n d i t i o n s  of p r e s s u r e  of 
mm of H g  or less and temperatures of 25 t o  125 O C ;  
40 r e f e r e n c e s  a r e  g iven .  The r e f e r e n c e s  a r e  annota ted  wi th  
r ega rd  t o  gene ra l  d i s c l o s u r e ,  exper imenta l  p rocedures ,  and 
conclus ions .  An A n a l y t i c a l  and Sub jec t  Index i s  a l s o  pro- 
v ided .  ’’ 
A s  a means of ana lyz ing  t h e  s t a t e - o f - t h e - a r t  i n  t h e  f i e l d  of t e s t i n g  
polymeric m a t e r i a l s  under s i m u l a t e d  s p a c e c r a f t  environment, t h e  expe r i -  
mental c o n d i t i o n s  u t i l i z e d  and t h e  tests employed by va r ious  workers w e r e  
summarized and t a b u l a t e d  (see Table V - I  and References) .  A d i s c u s s i o n  
of t h e  r e s u l t s  of t h i s  a n a l y s i s  i s  g iven .  
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V I .  FUTURE WORK 
The program of work t o  provide eng inee r ing  informat ion  on t h e  behav- 
i o r  of polymeric  mater ia l s  i n  s imulated s p a c e c r a f t  environment (VCM and 
mechanical p r o p e r t i e s )  w i l l  be  cont inued under a new c o n t r a c t .  
VCM v a l u e s  f o r  Hypalon A-2411A-2718 and Viton A-4411A-778 w i l l  be 
obta ined  i n  order t o  a t t e m p t  c o r r e l a t i o n  of t h e s e  va lues  wi th  t h e  date 
obta ined  from s t u d i e s  of t h e  mechanical p r o p e r t i e s  of t h e  polymers. 
Subsequent ly ,  V i tons  A-4411A-990 and -991, a s  w e l l  a s  S i l i c o n e s  S E - 5 5 5  
and -3604 w i l l  be  s t u d i e d  f o r  c o r r e l a t i o n  w i t h  mechanical p r o p e r t i e s  
measurements. 
Cont inua t ion  of t h e  work on mechanical p r o p e r t i e s  w i l l  i nc lude :  
(1) Completion of vacuum-thermal s t u d i e s  of S i l i c o n e  
e l a s tomers  S E - 5 5 5  and SE-3604, c u r r e n t l y  i n  p rogres s .  
( 2 )  Constant  s t r a i n  r a t e  tes t s  of Hypalon A-2411A-2717 and 
-2718 and S i l i c o n e  SE-555 and -3604 r i n g s ,  bo th  con- 
t r o l s  and those  exposed t o  t h e  vacuum-thermal environment.  
(3)  Continuous and i n t e r m i t t e n t  stress r e l a x a t i o n  tes ts  of 
V i t o n  A-4411A-990 and -991 and S i l i c o n e  SE-555 and -3604 
e la s tomers  i n  a i r  a t  125OC. 
S t u d i e s  of t h e  mechanisms of polymer deg rada t ion  a t  e l e v a t e d  temper- 
a t u r e s  w i l l  no t  be cont inued  a t  t h i s  t i m e  i n  view of t h e  f i n d i n g s  t h a t  
none of t h e  polymers s t u d i e d  dur ing  t h e  cour se  of t h i s  program have i n d i -  
c a t e d  s k e l e t a l  breakdown a t  t h e  tempera tures  expected w i t h i n  a s p a c e c r a f t .  
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A p p e n d i x  
COMMERCIAL POLYMER FORMULATIONS 
63 
NORDEL (Du Pont) 
General  Composition: Ethylene  propylene 
terpolymer w i t h  a d i ene  
A5411A- 
Nordel 1070 
Nordel 1040 
Zinc Oxide 
SRF Black 
Sun O i l  5150 
T h i  on ex 
MBT 
S u l f u r  
Hypa lon-40 
113  
100 
-
20  
70 
30 
1.5 
2 
0.8 
115 -
- 
100 
2 0  
7 0  
10 
1 
2 
0.8 
5 
117 -
- 
100 
2 0  
70 
1 
1 
2 
0.8 
5 
Cure : 30'/307'F 30'/307'F 30'/307'F 
64 
VITON (Du Pont )  
General  Composition: Vinyl idene f l u o r i d e  
and hexaf luoropropylene 
A441 I A -  
Vi ton  B 
Mag l i t e  Y 
M t  Black 
Diak #4 
Diak #3 
Cure : 
Pos t - cu re :  
778 -
100 
15 
20 
3 
30 '/320° F 
24 hr/45@ F 
990 -
100 
20 
20 
2 
- 
991 -
100 
15 
2 0  
- 
2 
30 ' /31@ F 30'/30@ F 
24 hr/400° F 
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HYPALON (Du Pont) 
General  Composition: Chlorosul fona ted  polye thylene  
A 2 4 1 1 A -  
Hypa 1 on-4 0 
2717 2718 
100 100 
Sublimed l i t h a r g e  20 
Magl i te  D - 
20 
2 0  
MBTS 0.5 0.5 
Tetrone  A 0.75 0.75 
NBC 
SRF Black 
3 3 
25 25 
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